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1.0 INTRODUCTION 

This r e p o r t  descr ibes  a program conducted under NASA Contract  No. 
NAS 8-11644 which involved t h e  development of an o p t i c a l  l i q u i d - l e v e l  sensor  
s p e c i f i c a l l y  designed for use i n  l i q u i d  hydrogen i n  accordance with NASA 
S p e c i f i c a t i o n  R-P & VE-PMS-SPEC-4-63, Revision A. 
under t h i s  c o n t r a c t  has been designated Bendix Type No. 29740-A1. 

The sensor  developed 

The Pioneer-Central  Division of The Bendix Corporation has developed 
opt ical  l i q u i d  sensors  which are ope ra t iona l  i n  l i q u i d  oxygen and l i q u i d  
n i t rogen .  
and ampl i f i ca t ion  components packaged toge the r  without i n t e r n a l  o r  e x t e r n a l  
h e a t e r  elements;, 
t h e  c a p a b i l i t i e s  of t h e s e  sensors  for  opera t ing  a t  l i q u i d  hydrogen temper- 
a tures ,  
opera t ion  a t  cryogenic  temperatures.  

These sensors  are f a b r i c a t e d  as a s i n g l e  u n i t ,  wi th  both de t ec t ion  

The development work performed under t h i s  con t r ac t  extends 

The sensor  uses  s o l i d  s t a t e  e l e c t r o n i c  components s e l e c t e d  f o r  

The senso r  ope ra t e s  over  t he  temperature range of -255OC t o  +50°C, has 
a sens ing  accuracy of 
mi l l i seconds .  I t  opera tes  f r o m  28 vdc with a 200 ma. maximum cur ren t  d r a i n  
and fu rn i shes  an "in- l iquid" o r  "out-of-l iquid" e l e c t r i c a l  s i g n a l  which may 
be used t o  switch an e x t e r n a l  28 vdc load.  

0 .1  inch  and a response time of approximately 4 

During senso r  development, t h e  ope ra t iona l  c h a r a c t e r i s t i c  of var ious  
electronic c i r c u i t s  and components were eva lua ted  f o r  s a t i s f a c t o r y  performance 
at l i q u i d  hydrogen temperatures .  
are reproduced i n  t h i s  r e p o r t .  
are given f o r  f u t u r e  programs t o  f u r t h e r  improve t h e  sensor  by reducing 
t h e  s i z e ,  weight,  and power consumption of t h e  u n i t s .  

Data obta ined  dur ing  t h e s e  i n v e s t i g a t i o n s  
I n  add i t ion ,  comments and recommendations 

I n  conducting t h i s  program, t h e  following t a s k s  were performed: 

(1) Test c i rcui ts  were designed and t e s t e d  which oDerate 
s a t i s f a c t o r i l y  over  t h e  e n t i r e  temperature  range of 
-255OC t o  t5OoC. 

( 2 )  The sensor  was packaged us ing  these  c i r c u i t s  i n  a NASA- 
s p e c i f i e d  package envelope. 

( 3 )  A component-test program was conducted t o  determine t h e  
s u i t a b i l i t y  of ind iv idua l  e l e c t r o n i c  components f o r  t h i s  
app l i ca t ion  ., 

(4) The completed hydrogen sensor  package was t e s t e d  i n  an LH2 
environment and a t  in te rmedia te  temperatu*s t o  an upper 
l i m i t  of +5OoC. 
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2,O ORGANIZATION OF THE PROGRAM 

Study of t h e  c o n t r o l l i n g  NASA s p e c i f i c a t i o n  R-PEVE-PMS-SPEC-4-63, 
Revision A a g a i n s t  t h e  background of prev ious  experience wi th  cryogenic 
o p t i c a l  l i q u i d  senso r s  l e d  t o  a breakdown of t h e  program i n t o  t h e  fo l lowing  
tasks: 

1, 
2 ,  
3,  

4, 
5 ,  

60 
7 ,  
8, 
96 

Determine t h e  b a s i c  u n i t  des ign  t o  be developed, 
S e t  up des ign  g u i d e l i n e s  f o r  c i r c u i t r y  design. 
Perform Component Survey t o  determine which components 
could be used and how t h e i r  parameters would in f luence  
c i r c u i t  des ign ,  
Complete development and t e s t i n g  of c i r c u i t  b locks ,  
I n t e g r a t e  t h e  developed and t e s t e d  c i r c u i t  b locks  i n t o  
a complete c i r c u i t ,  
Develop u n i t  package, 
Build and t e s t  pro to types  of t h e  complete u n i t  
Make any changes i n d i c a t e d  by t h e  test program and re tes t .  
F a b r i c a t e  and tes t  t h r e e  u n i t s  f o r  de l ive ry .  

During t h e  course of accomplishing t h e  above t a s k s ,  s e v e r a l  t e c h n i c a l  

The major mi les tones  wi th  t h e i r  completion d a t e s  are shown h e r e o  
mi l e s tones  w&e passed which were necessary  t o  t h e  p rogres s  of t h e  
program, 

Milestone 
Approximate 

Completion Date 

1, S t a r t i n g  d a t e  June 1964 

2, Determination of accep tab le  t r a n s i s t o r s  
f o r  use i n  c i r c u i t  des ign  work August 1964 

3, Development o f  accep tab le  o s c i l l a t o r  
circuits September 1964 

4,  Development of accep tab le  ac a m p l i f i e r  
c i r c u i t s  September 1964 

5. Development of accep tab le  d e t e c t o r  and 
idc a m p l i f i e r  c i r c u i t s  September 1964 

6. IqTesting of complete breadboard u n i t  a t  
'LH2 temperature November 1964 

7 .  Completion o f  package des ign  February 1965 

8, Success fu l  t e s t i n g  of completely 
packaged pro to type  May 1965 

9, Completion of t e s t i n g  and shipment of 
t h r e e  senso r s  October 19, 1965 
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The d a t e s  l i s t e d  on t h e  preceding page i n d i c a t e  t h e  time of completion 
There was some i n t e r r u p t i o n  i n  t h e  work f o r  of the major work i n  t h e  area, 

c o n t r a c t  reasons ,  
and do some a d d i t i o n a l  work a f te r  t h e  d a t e s  l i s t e d ,  but t h e  work i n  t h i s  
ca tegory  was,comparatively minor i n  r e l a t i o n s h i p  t o  t h e  program, 

I n  some cases it was necessary  t o  perform some redes ign  
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3,O PRINCIPLE Or 29740-A1 SENSOR OPERATION 

3 1 OPTICAL PRINCIPLES 

The b a s i c  p r i n c i p l e  o f  ope ra t ion  o f  t h e  Bendix O p t i c a l  L iqc id  Sen- 
sor is  shown i n  Figure 3-1. 

L ight  r a y s  from an i n f e r n a l  l i g h t  source  are d i r e c t e d  down one 
s i d e  of a t r a n s p a r e n t  c y l i n d r i c a l  prism. The end o f  t h e  prism i s  l o c a t e d  
a t  t h e  p o i n t  a t  which t h e  presence or absence o f  l i q u i d  is t o  be sensed ,  
If l i q u i d  is  p r e s e n t  a t  t h e  end o f  t h e  prism, t h e  l i g h t  pas ses  out  of t h e  
prism and is d i s s i p a t e d  i n  t h e  l i q u i d .  
t h e  end o f  t h e  prism, t h e  l i g h t  i s  i n t e r n a l l y  r e f l e c t e d  i n  t h e  prism and 
is  t r a n s m i t t e d  back through t h e  prism where it s t r i k e s  a s o l a r  c e l l .  
ou tput  o f  t h e  s o l a r  ce l l  d r i v e s  a t r a n s i s t o r i z e d  a m p l i f i e r  which i n  t u r n  
swi tches  an output  t r a n s i s t o r  t o  t h e  "no l i qu id"  cond i t ion ,  

If t h e  l i q u i d  i s  no t  p r e s e n t  a t  

The 

The o p t i c a l  swi tch ing  p r i n c i p l e  i s  based on t h e  phenomena of re- 
f r a c t i o n  and r e f l e c t i o n  of l i g h t ,  
phenomena is expressed as: 

The phys ica l  l a w  governfng t h i s  

(Equation 3 0 1 0 1 )  VL 
V A 

S in  R = - S i n  I 

Where : 

Sin  R = s i n e  of t h e  angle  o f  r e f r a c t i o n .  

vL = v e l o c i t y  o f  l i g h t  i n  t h e  medium i n  which it l eaves  t h e  i n t e r -  
face. 

"A = v e l o c i t y  o f  l i g h t  i n  t h e  medium i n  which it a r r i v e s  a t  t h e  
i n t e r f a c e .  

S i n  I = s i n e  of t h e  angle  of incidence.  

The angles  of r e f r a c t i o n  and inc idence  are measured from a perpen- 
d i c u l a r  t o  t h e  i n t e r f a c e .  

The law is o f t e n  expressed i n  terms of i n d i c e s  o f  r e f r a c t i o n ,  The 
index o f  r e f r a c t i o n  of a medium is de f ined  as t h e  v e l o c i t y  o f  l i g h t  i n  a 
vacuum div ided  by t h e  v e l o c i t y  of l i g h t  i n  t h e  medium. Hence, Equation 
3 . 1 , l  can be r e - w r i t t e n  as: 

KA 
KL 

S in  R = - Sin I (Equation 3 0 1 a 2 )  

Where : 

K A  = index o f  r e f r a c t i o n  o f  material through which l i g h t  a r r i v e s  a t  
t h e  i n t e r f a c e .  

K L  = index o f  r e f r a c t i o n  of material through which l i g h t  l eaves  t h e  
i n t e r f a c e  
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A g r a p h i c a l  r e p r e s e n t a t i o n  of T h i s  phenomen i s  shown In Figare 
3-2 

A ser ies  of  plane wave f r o n t s  are a r r i v i n g  a t ,  ar?d leaving ,  an  
i n t e r f a c e  A-B which conta ins  a p o i n t  X. 
i n t e r f a c e  along l i n e  a a t  an angle  of incidence I which is measuL-ed be- 
tween t h e  l i n e  a and t h e  l i n e  b. Line b is  perpendicular  to t h e  i n t e r -  
face 

The wave f r o n t s  approa.11 chc 

A 

Figure 3-2. 
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A t  t h e  i n s t a n t  shown, a wave f r o n t  def ined  by the  l i n e  o-m is i n t e r -  
s e c t i n g  t h e  poin t  X. 
d loca ted  on t h e  interface A-B. 

A s  t h e  wave f r o n t  o-m cont inues  it a r r i v e s  a t  a p o i n t  

The l i n e  m-d has  a d i r e c t i o n  o f  movement toward t h e  i n t e r f a c e  A-B. For 
convenience l e t  t h e  length  of  m-d r ep resen t  t h e  v e l o c i t y  o f  t h e  wave f r o n t  
a r r i v i n g ,  V . Fur ther ,  le t  t h e  v e l o c i t y  of  t h e  wave f r o n t  l eav ing ,  V L ,  t o  
t h e  r i g h t  oi! t h e  interface A-B be one and one h a l f  times t h e  v e l o c i t y  VA i n  
t h e  medium t o  t h e  l e f t  of t h e  i n t e r f a c e  A-B. Then t h e  motion of t h e  wave 
f r o n t  o-m during t h e  period.when it t r a v e r s e s  t h e  l i n e  m-d t o  the  po in t  d ,  
can be descr ibed  by a v e c t o r  one and one h a l f  times t h e  length  of l i n e  m-do 
This tendency begins  a t  t h e  po in t  X on t h e  i n t e r f a c e  A-B and cont inues t o  
t h e  arc e descr ibed  as a r a d i u s  which is one and one h a l f  times t h e  l eng th  
of l i n e  m-do 

A t  t h e  end of 
w i l l  be tangent  t o  
The wave w i l l  move 

Inspec t ion  of 

t h a t  pe r iod ,  t h e  wave f r o n t  o-m w i l l  extend through d and 
arc e and w i l l  l i e  on arc e a t  t h e  po in t  of tangency f ,  
i n  t h e  d i r e c t i o n  of l i n e  g a t  t h e  r e f r a c t i o n  angle  R. 

Equation 3.1.2 w i l l  show t h a t  it i s  poss ib l e  f o r  t h e  
magnitude of t h e  r i g h t  s i d e  o f  t he  equat ion  t o  exceed "ltt f o r  certain 
condi t ions  of media, t hus  making t h e  equat ion  i n v a l i d .  
r e f r a c t i o n  becoming impossible  when t h e  S in  R t ends  to exceed "1". 
f o r e ,  under t h e s e  condi t ions  t h e  wave must be e n t i r e l y  r e f l e c t e d .  

This r e s u l t s  i n  
There- 

This  means t h a t  t h e r e  w i l l  always be r e f r a c t i o n  i f  t h e  v e l o c i t y  of 
l i g h t  i n  t h e  medium through which it a r r i v e s ,  V 
t h e  v e l o c i t y  o f  l i g h t  i n  t h e  medium through w h i h  it leaves, VL, ( t h e  
i n t e r f a c e ) .  On t h e  o t h e r  hand, if, i n  Figure 3-2, t h e  v e l o c i t y  is  increased  
so t h a t  arc e passes  through po in t  d ,  no l i g h t  w i l l  be r e f r a c t e d .  
a l l  t h e  l i g h t  a r r i v i n g  a t  t h e  interface w i l l  t r a v e l  downward along t h e  
i n t e r f a c e .  The angle  I shown would be t h e  c r i t i ca l  angle  o f  t h i s  modified 
r a t i o  of "ar r iv ing"  and "leaving" l i g h t  v e l o c i t i e s .  

( a t  t h e  i n t e r f a c e )  exceeds 

Ins t ead ,  

If t h e  angle  of  inc idence  is  increased  without  change i n  e i t h e r  of t h e  
v e l o c i t i e s ,  t h e  s i t u a t i o n  can be represented  by moving p o i n t  d toward po in t  
X so  t h a t  t h e  l eng th  o f  t h e  VA vec to r  remains unchanged, I n  t h i s  case, t h e  
r ad ius  o f  arc e is  g r e a t e r  than  t h e  d i s t a n c e  x-d making it impossible  t o  
draw a tangent  t o  t h e  arc which w i l l  extend through po in t  d .  This means 
t h a t  t h e  r i g h t  s i d e  of t h e  equat ions  have a magnitude exceeding "1" and 
t h a t  a l l  of t h e  l i g h t  w i l l  be r e f l e c t e d  f r o m  t h e  interface.  

Therefore ,  t h e  l i g h t  w i l l  e i t h e r  be t o t a l l y  i n t e r n a l l y  r e f l e c t e d  i n  
t h e  prism o r  t o t a l l y  t r ansmi t t ed  i n t o  t h e  l i q u i d .  Thus, t h e  presence 
o r  absence of l i q u i d  a t  t h e  prism end is de tec t ed  by a p o s i t i v e  l i g h t  
switch which provides  t h e  high s i g n a l  r a t i o  from t h e  pho toce l l .  

This l i g h t  switching p r i n c i p l e  is  e f f e c t i v e  i n  p r a c t i c a l l y  a l l  l i q u i d s ,  
inc luding  l i q u i d  hydrogen, l i q u i d  oxygen, Rp-1 and water, and was 
u t i l i z e d  i n  t h e  type  29740-A1 senso r  developed i n  t h i s  program. 
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3.2 CIRCUIT OPERATING PRINCIPLES OF THE 29740-A1 SENSOR. 

The s i g n a l  genera ted  by t h e  pho toce l l  descr ibed  on t h e  preceding 
page is de tec t ed ,  ampl i f ied  and used t o  d r i v e  t h e  output  t r a n s i s t o r ,  
This  c i r c u i t r y  was designed t o  ope ra t e  under t h e  s p e c i f i e d  environmental  
condi t ions .  

Because of  t h e  high v i b r a t i o n  l e v e l s  s p e c i f i e d  f o r  t h i s  sensor, 
a l i g h t - e m i t t i n g  diode (LED) is  incorpora ted  as t h e  l i g h t  source r a t h e r  
than  incandescent  lamps. 

Since t h e  l i g h t  l e v e l s  produced by t h e  LED a r e  low it was necessary 
t o  modulate t h e  LED t o  permit  t h e  use of  ac coupl ing and ampl i f i ca t ion ,  
The ac ampl i f ied  s i g n a l  is then  de tec t ed  and f u r t h e r  ampl i f ied  i n  a d c  
a m p l i f i e r  t o  d r i v e  t h e  ou t  u t  t r a n s i s t o r .  (See f i W r e  4-3 f o r  a func- 

f u n c t i o n a l  black diagram ol! t h e  sensorI } 
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4.0 CIRCUIT DESIGN 

4.1 CIRCUIT DESIGN GUIDELINES 

The gu ide l ines  which were se t  up f o r  t h e  c i r c u i t  design phase of t h e  
program r e s u l t e d  from an a n a l y s i s  of t h e  requirements set f o r t h  i n  t h e  
c o n t r o l l i n g  s p e c i f i c a t i o n .  A b r i e f  d i scuss ion  o f  t h e  major g u i d e l i n e s  are 
l i s t e d  i n  t h e  following paragraphs.  

4.1.1 Light  Source Requirements 

The v i b r a t i o n  inpu t  l e v e l  ( s p e c i f i e d  a t  50 g)  r u l e d  out  t h e  use of  
incandescent  lamp l i g h t  sources .  
has  p laced  t h e  upper v i b r a t i o n  l e v e l  a t  approximately 25 g f o r  ruggedized 
lamps which had been e s p e c i a l l y  developed f o r  s enso r  a p p l i c a t i o n s .  
earl ier senso r  programs, l i gh t - emi t t i ng  diodes had been used s u c c e s s f u l l y  
a t  v i b r a t i o n  l e v e l s  above 1OOg. It had also been determined t h a t  l i g h t -  
e m i t t i n g  diodes have t h e  e x c e l l e n t  l i f e  and r e l i a b i l i t y  c h a r a c t e r i s t i c s  
normally found i n  s o l i d - s t a t e  devices ,  even those  opera ted  a t  cryogenic  
temperatures .  
used as t h e  l i g h t  source i n  t h e  29740-A1 sensor .  

Previous experience a t  Pioneer-Central  

I n  

Therefore ,  d gal l ium-arsenide l i gh t - emi t t i ng  diode was 

4.1.2 Pho toce l l  Requirement 

Both pho tovo l t a i c  and p h o t o r e s i s t i v e  pho toce l l s  have been used i n  
o p t i c a l  l i q u i d  sensors .  Although p h o t o r e s i s t i v e  cel ls  have g r e a t e r  
s e n s i t i v i t y  than  pho tovo l t a i c  t ypes ,  they  tend t o  have poor s t a b i l i t y  and 
long time response a t  cryogenic  temperatures .  Considerable experience 
has  been accumulated with boron-doped s i l i c o n  s o l a r  cells  i n  cryogenic  
senso r  a p p l i c a t i o n s .  The i r  response time is  i n  t h e  microsecond range and 
t h e i r  temperature  s t a b i l i t y  i s  very goqd when proper ly  used. 
t h i s  t ype  of c e l l  was used i n  t h e  29740-A1 sensor .  
for  f u r t h e r  d e t a i l s  on ce l l  cons t ruc t ion .  

Therefore ,  
(See paragraph 6.2.3 

4.1.3 Amplif ier  Requirements 

Items 4.1.1 and 4.1.2 above r e s u l t e d  i n  a combination which produces 
an output  vo l tage  of approximately 4 m i l l i v o l t s  peak t o  peak under ,worst-  
case cond i t ions  when used i n  conjunct ion wi th  t h e  a n t i c i p a t e d : s e n s o r  prism 
design.  
t h e  ampl i f i e r .  

This  e s t a b l i s h e d  t h e  s i g n a l  l e v e l  which was a v a i l a b l e  t o  d r i v e  

Because o f  t h e  l o w  s i g n a l  l e v e l ,  it was n o t  p r a c t i c a l  t o  design a 
DC a m p l i f i e r  o r  d e t e c t o r  with adequate s t a b i l i t y  over  t h i s  temperature  
range t o  ope ra t e  d i r e c t l y  f r o m  t h e  p h o t o c e l l  ou tput .  Therefore ,  an AC 
a m p l i f i e r  was r equ i r ed  t o  raise t h e  s i g n a l  t o  a l e v e l  a t  which d e t e c t i o n  
could be performed r e l i a b l y .  
incorpora ted  because of  t h e  l a r g e r  number of  p a r t s  r equ i r ed  p e r  u n i t  ga in  
as compared t o  t h e  DC ampl i f i ca t ion  which is  poss ib l e  af ter  d e t e c t i o n .  
I t  was es t imated  t h a t  a reasonable  d e t e c t i o n  vol tage  would be approximately 
f o u r  v o l t s  peak-to-peak. This  would permit  d e t e c t i o n  t o  be accomplished 
i n  s p i t e  of t h e  changes i n  diode and transistor c h a r a c t e r i s t i c s  over  t h e  
temperature  range. 

A minimum of AC ampl i f i ca t ion  was t o  be 

Thus, a vol tage  ga in  of approximately 1000 w a s  

4 .1  
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r equ i r ed  be fo re  d e t e c t i o n .  
a m p l i f i e r  design. ) 

(See paragraph 4.3.2 for  d e t a i l s  of ac 

4.1.4 Detector Requirements 

I t  was evident  t h a t  d e t e c t i o n  would need t o  be accomplished wi th  h igh  
e f f i c i e n c y  and i n  such a way t h a t  temperature-dependent v a r i a b l e s  Of  C i r -  
c u i t  components would no t  cause l a r g e  v a r i a t i o n s  i n  opera t ion .  
a l s o  necessary  t o  i n t e g r a t e  t h e  de t ec t ed  AC s i g n a l  s u f f i c i e n t l y  t o  d r i v e  
a DC a m p l i f i e r  r e l i a b l y  over  t h e  temperature range. 
t h e  i n t e g r a t i o n  could n o t  be so long as t o  s e r i o u s l y  increase t h e  
response time f o r  t h e  senso r  as a whole. 
design i s  set  f o r t h  i n  paragraph 4.3.3.) 

I t  was 

A t  t h e  same time, 

(Discussion of t h e  d e t e c t o r  

4 , l .S  DC Amplification and Output S tages  

It was necessary  t o  provide s u f f i c i e n t  DC ampl i f i ca t ion  t o  d r i v e  t h e  
output  s t a g e  from t h e  d e t e c t o r  ou tput  with a l l  components o p e r a t i n g  a t  
LH2 temperatures.  I t  was a n t i c i p a t e d  t h a t  t h i s  p a r t  of t h e  c i r c u i t  could 
be a modi f ica t ion  of ea r l i e r  c i r c u i t s  which had been developed f o r  use a t  
LN2 temperatures.  

as a consequence of t h e  above g u i d e l i n e  requirements.  
Figure 4-3 shows a block diagram o f  t h e  senso r  which was developed 

4 .2  SUMMARY OF RESULTS OF COMPONENT SURVEY 

Component t e s t i n g  was done i n  two c a t e g o r i e s  dur ing  t h e  program. 
s p e c i f i c  c i r c u i t  des ign  work could be done, it was necessary  t o  test  c i r c u i t  
components t o  determine which were f u n c t i o n a l  ove r  t h e  temperature range. 
It was then necessary  t o  e s t a b l i s h  t h e  parameter c h a r a c t e r i s t i c s  of t h o s e  
p a r t s  which were f u n c t i o n a l .  

Before 

Later i n  t h e  program, more ex tens ive  t e s t i n g  was done t o  e s t a b l i s h  
confidence i n  t h e  use of t h e  components a t  LH2 temperature.  
t h i s  program d id  no t  permit ex tens ive  r e l i a b i l i t y  t e s t i n g  on components i n  
t h e  usua l  s ense ,  

S p e c i f i c  test r e s u l t s  are presented  i n  Appendix I .  

The scope of 

A gene ra l  d i scuss ion  of component test r e s u l t s  is presented  he re .  

4.2.1 Capac i tors  

Previous s t u d i e s  o f  var ious  c a p a c i t o r  types  a t  LN2 temperature had 
l e d  t o  t h e  s e l e c t i o n  of d r y - e l e c t r o l y t i c  tan ta lum and s i lver -mica  types  
f o r  cryogenic s e r v i c e .  S u f f i c i e n t  t e s t i n g  was done i n  t h i s  program t o  
v e r i f y  t h a t  t h e i r  ope ra t ing  temperature range could be  extended t o  LH2 
temperature.  
t han  10% change i n  capac i tance  from room temperature va lues .  
case of t h e  d r y - e l e c t r o l y t i c  tantalum c a p a c i t o r s ,  d i s s i p a t i o n  c h a r a c t e r i s t i c s  
were e s s e n t i a l l y  unchanged. 

I t  was determined t h a t  both types  of c a p a c i t o r s  showed less 
I n  t h e  

S ince  t h e  c a p a c i t o r  requirements o f  t h e  senso r  c i r c u i t r y  were m e t  by 
t h e s e  two types  of c a p a c i t o r s ,  no more c a p a c i t o r  t e s t i n g  was done. 
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4 2 2 Res i s to r s  

Both wirewound and metal-film r e s i s t o r s  had been used ex tens ive ly  
a t  cryogenic temperatures by Pioneer-Central  wi th  good r e s u l t s .  Conse- 
quen t ly ,  t h e s e  types  were s e l e c t e d  f o r  f u r t h e r  t e s t i n g  i n  t h i s  program. 
Composition r e s i s t o r s  were a l s o  t e s t e d .  

p e r a t u r e  range and showed a r e s i s t a n c e  change on t h e  o r d e r  of 1%, A 
problem was encountered with t h e  metal-film r e s i s t o r s  during t h e  course 
of t h e  program. Although t h e  r e s i s t a n c e  va lues  were very s t a b l e ,  an 
occas iona l  r e s i s t o r  developed an opem c i r c u i t  cond i t ion .  This was t r a c e d  
t o  a c h a r a c t e r i s t i c  o f  t h e  1/10 watt u n i t  which had been s e l e c t e d  t o  con- 
s e r v e  space.  
cons t ruc t ed  d i f f e r e n t l y  Therefore ,  t h e  r e l i a b i l i t y  o f  t h e  1/10 watt re- 
s i s t o r s  which are inco rpora t ed  i n  t h e  t h r e e  de l ive red  senso r s  f s  n o t  as 
high as des i r ed .  
s enso r s  it is a n t i c i p a t e d  t h a t  they  w i l l  remain o p e r a t i o n a l  dur ing  t h e  
remainder of t h e  tes t  program. 

The wirewound r e s i s t o r s  were determined t o  be r e l i a b l e  over  t h e  t e m -  

Ear l ie r  exper ience  has been wi th  1 / 8  wat t  u n i t s  which were 

However,because of t h e  ex tens ive  t e s t i n g  done on t h e s e  

Composition r e s i s t o r s  were determined t o  have a negat ive  temperature 
c o e f f i c i e n t  o f  r e s i s t a n c e .  The percentage  change i n  r e s i s t a n c e  value 
v a r i e s  wi th  t h e  nominal va lue  o f  t h e  r e s i s t o r  and is  g r e a t e s t  f o r  h igh  
va lue  r e s i s t o r s .  Res is tance  i n c r e a s e s  f o r  h igh  va lue  r e s i s t o r s  exceeds 
200% of  room temperature value when t e s t e d  a t  LH2 tempera tures .  
p o s i t i o n  r e s i s t o r s  were considered only  f o r  temperature compensation pur- 
poses i n  t h e  senso r  c i r c u i t .  

Com- 

4,2.3 T r a n s i s t o r s  

Earlier exper ience  wi th  t r a n s i s t o r s  a t  LN2 temperatures had e s t a b l i s h e d  
the  following p o i n t s  : 

1. Germanium t r a n s i s t o r s  main ta in  ga in  c h a r a c t e r i s t i c s  t o  a g r e a t e r  
degree than  s i l i c o n  t r a n s i s t o r s  as temperatures are reduced t o  
t h e  cryogenic range. 

S i l i c o n  t r a n s i s t o r s  us ing  mesa cons t ruc t ion  r e t a i n  useable ga in  
down t o  t h e  LN2 temperature range. 
a t  LN2 temperature.  

I n  view of t h i s  background, small numbers of s e v e r a l  t r a n s i s t o r  t ypes  

2.  
P l ana r  u n i t s  are unuseable 

were sub jec t ed  t o  pre l iminary  t es t s  a t  LH2 temperature., (See Table I . )  
Resu l t s  of t h i s  t e s t  l e d  t o  q u a n t i t y  t e s t i n g  o f  7 t ypes .  (See Table I1 
f o r  r e s u l t s  o f  secondary tests.) Also, see Appendix I f o r  photographs o f  
t y p i c a l  t r a n s i s t o r  cu rve - t r ace r  curves t aken  a t  room and LH2 temperatures, ,  

As a r e s u l t  of t r a n s i s t o r  t es t s ,  t h r e e  types  -- t h e  2N1308, 2N1309 
and t h e  2N1039 -- were s e l e c t e d  as being most s u i t a b l e  f o r  use a t  LH2 
temperature.  A l l  are germanium t r a n s i s t o r s  made by Texas Ins t ruments ,  
A l l  t h r e e  types  are made by t h e  a l loy - junc t ion  p rocess ,  
b e t t e r  ga in  a t  LH2 temperatures i s  a t t r i b u t e d  t o  t h e  h ighe r  mob i l i t y  o f  
carriers i n  t h e  junc t ions  o f  t h e s e  temperatures.  

Their comparatively 
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LIST OF TRANSISTORS TES 

TRANSISTOR 

2N404A* 

2N711B* 

GA- 7 3 3* 

2N1039* 

2N130 8* 

2N1309* 

2N2 189* 

2N388A 

2N652A 

2N2608 

2N3277 

CG-1 

2N760A 

2N29 85 

~ 

MFRo 

T I  

T I  

T I  

T I  

T I  

T I  

T I  

T I  

T I  

S i  liconi x 

S i  l i c a i x  

Na t iona l  

T I  

TI 

TABLE I 
:D AT LH2 TEMPERATURE DURING PRELIMINARY TESTS ---_ 

DES CRIPT I ON 

PNP Alloy, Switching 

PNP Alloy-Germanium Mesa 

PNP Alloy-Junction 

NPN A 1  1 oy - J un c t i on 

NPN Alloy-Junction 

PNP Alloy-Diffused Mesa 

NPN Alloy-Junction 

PNP Alloy-Junction 

N Chanhel Field-Effect  

P Channel Field-Effect  

NPN Mesa 

NPN Double-Diffused Mesa 

NPN Triple-Diffused Mesa 

SAMPLES TESTED 

* A l l  s i l i c o n  transistors f a i l e d  a l t  L€$ Temperature. 

These germanium t r a n s i s t o r s  showed some gain and were inc luded  i n  secondary 
tests of l a r g e r  q u a n t i t i e s .  
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The 2N1308,.an npn t r a n s i s t o r ,  and t h e  2N1309, a pnp t r a n s i s t o r ,  
were chosen f o r  a l l  func t ions  where power l e v e l s  were low. 
a 20-watt device,  was chosen f o r  use i n  t h e  output  s t a g e  and f o r  pu ls ing  
t h e  l i g h t - e m i t t i n g  diode (LED).  

The 2N1039, 

As a r e s u l t  of t h e  above tests, it was concluded t h a t  t h e  2N1308 and 
2N1309 could be expected t o  maintain a cu r ren t  ga in  of 5 or more i n  low 
powered c i r c u i t s .  
of 2 or more i n  h igher  powered c i r c u i t s .  
minimum values  was a necessary s t e p  before  proceeding t o  t h e  c i r c u i t  design 
phase 

The 2N1039 could be expected t o  maintain a cu r ren t  ga in  
The es tab l i shment  of t h e s e  

I t  was apparent  t h a t  t h e  changes i n  base t o  emitter vol tage  cha rac t e r -  
i s t ics  could be designed aroundo I t  was a l s o  apparent  t h a t  t h e  normal 
high leakage c h a r a c t e r i s t i c s  of germanium t r a n s i s t o r s  would need t o  be 
considered. However, t h e  major cons idera t ion  i n  c i r c u i t  design would be 
i n  providing for  normal opera t ion  while  t r a n s i s t o r  ga in  changed d r a s t i c a l l y ,  
sometimes as much as 20 t o  1 over  t h e  temperature range. 

4.2.4 Diodes 

Standard s i l i c o n  forward diodes and zener  r e g u l a t o r  d iodes  had been 
used ex tens ive ly  a t  LN2 temperatures p r i o r  t o  t h i s  program with very good 
results,  

The change i n  forward diodes which i s  of most importance i s  t h e  for- 
ward vol tage  drop which inc reases  as temperatures  are reduced, 
an ex tens ion  of t h e  change encountered over  more normal temperature ranges,  
Forward vol tage  drop inc reases  from approximately .7 v o l t s  a t  room temper- 
ature t o  approximately 1 .2  Volts  a t  LH2 temperature depending upon the  
cu r ren t  being conducted, 
i n  t h e  c i r c u i t  design,  I t  was a l s o  found t h a t  leakage c u r r e n t s  w e r e  
g r e a t l y  reduced a t  LH2 temperatures .  

This  is 

This  change was used f o r  temperature compensation 

Zener diodes were found to funct ion normally a t  LH2 temperatures  with 
temperature  c o e f f i c i e n t s  r e l a t e d  t o  nominal opera t ing  vol tage .  Alloy 
zeners  i n  t h e  5 t o  6 v o l t  range were found t o  have very l i t t l e  change 
with temperature.  
h igher  vol tage  u n i t s  showing a g r e a t e r  percentage vol tage  drop a t  LH2 
temperature  

Diffused diodes were more temperature dependent with 

Photographs of forward and zener  diode curves are included i n  
appendix 1. 

The component test  r e s u l t s  summarized above provided t h e  component 
information which was used i n  t h e  c i r c u i t  design phase of t h e  program. 

4.3 CIRCUIT BLOCK DEVELOPMENT 

With c i r c u i t  requirements as o u t l i n e d  i n  paragraph 4 .1  and with com- 
ponent c a p a b i l i t i e s  e s t ab l i shed  as i n  paragraph 4 ,2 ,  it was poss ib l e  t o  
proceed with development of  t h e  c i r c u i t .  
and test  t h e  c i r c u i t  by blocks t o  fac i l i t a te  a n a l y s i s  and t e s t i n g o  

It was decided t o  des ign ,  b u i l d ,  
( S e e '  
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Figure 4-3,) 
s en ted  here.  
(pr i rnar i ly  t r a n s i s t o r  ga in  and leakage), it was necessary  t o  minimize t h e  
number- of components because of space l i m i t a t i o n ,  

A d i scuss ion  of t h e  development of each c i rcu i t  block is pre- 
In  a d d i t i o n  t o  t h e  r e s t r i c t i o n s  imposed by component l i m i t a t i o n s  

4 ,3 ,1  O s c i l l a t o r  and LED Driver 

Seve ra l  v a r i a t i o n s  o f  two b a s i c  types  of o s c i l l a t o r s  were i n v e s t i g a t e d ,  
The f irst ,  t h e  b locking  o s c i l l a t o r  (shown i n  Figure 4-41, was d iscarded  
because t h e  frequency v a r i e d  excess ive ly  with t r a n s i s t o r  ga in  and t h e r e f o r e  
with temperature,  
changes,, 
ope ra t ion  because of response time requi rements ,  

Also,  t h e  frequency was s e n s i t i v e  t o  r e a c t i v e  parameter 
This approach w a s  complicated by t h e  need f o r  high frequency 

rn A 
T ’  Ot28 VDC 

IN750 4 
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Figure 4-4, Blocking O s c i l l a t o r  

In  a d d i t i o n  t o  t h e  blocking o s c i l l a t o r  c i r c u i t ,  o t h e r  o s c i l l a t o r  c i r c u i t s  

While t h i s  t ype  o f  o s c i l l a t o r  u ses  moreTcamponents than  t h e  
were i n v e s t i g a t e d ,  
v i b r a t o r s ,  
blocking o s c i l l a t o r ,  it has  s e v e r a l  advantages which make it d e s i r a b l e  
for t h i s  a p p l i c a t i o n ,  
50% and can be more e a s i l y  c o n t r o l l e d ,  
dependent of t r a n s i s t o r  ga in  and does n o t  apprec i ab le  vary with temper- 
a t u r e ,  The c i rcu i t s  of F igures  4-5 and 4-6 are examples of m u l t i v i b r a t o r s  
i n v e s t i g a t e d ,  

However, most of t h e  work was done on a s t a b l e  multl-  

The duty cyc le  of t h e  m u l t i v i b r a t o r  is more n e a r l y  
The frequency is e s s e n t i a l l y  in -  
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Figure 4-5, PreLiminary Mul t iv ibra tor  C i r c u i t  
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- Figure 406~ Compensated Mul t iv ibra tor  - 
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The first approach was t o  al low one s i d e  o f  t h e  m u l t i v i b r a t o r  t o  
pu l se  t h e  LED, which could e l imina te  s e v e r a l  components, 
meant t h a t  e i t h e r  t h e  a s t a b l e  m u l t i v i b r a t o r  would be unbalanced with high 
cu r ren t  i n  one s i d e , o r  a ba lanc ing  c u r r e n t  could be added t o  t h e  o t h e r  
s i d e ,  causing t h e  sensor  t o  consume more power. 
a d d i t i o n  of  t h e  requi red  components would be d e s i r a b l e  r a t h e r  than  have 
e i t h e r  of t h e  above condi t ions .  

However, t h i s  

I t  was decided t h a t  t h e  

1 
I 
I 
I 
I 
1 
I 

The c o l l e c t o r  cu r ren t  of one s i d e  of t h e  m u l t i v i b r a t o r ,  Figure 4-6, 
A was ampl i f ied  and used t o  d r i v e  t h e  power s t a g e  which pu l ses  t h e  LED, 

c a p a c i t o r  was added t o  create a low impedance pa th  t o  a l low high peak 
c u r r e n t  through t h e  LED, 
amps peak cu r ren t .  
and, hence, t h e  s e n s i t i v i t y  of t h e  senso r ,  The c i r c u i t  was designed so 
t h a t  it would ope ra t e  when t h e  t r a n s i s t o r s  had worst-case minimum gain .  

Usually,  t h i s  was ad jus t ed  f o r  150 t o  200 m i l l i -  
Adjust ing Rc c o n t r o l l e d  t h e  l i g h t  emi t ted  by t h e  LED 

For opera t ion  a t  high temperature ,  t h e  leakage cu r ren t  of  t h e  d r i v e r  
t r a n s i s t o r  (Q3) was compensated so t h a t  Q3 would no t  cause Q4 t o  be 
s a t u r a t e d  o r  c u t  o f f ,  
base-emit ter  j unc t ion  of Q3. A t  high temperatures ,  t h e  the rmis to r  has  a 
low value and provides  a pa th  for  leakage c u r r e n t ,  A t  cryogenic tempera ture ,  
t h e  thermistor is e s s e n t i a l l y  an open c i r c u i t  and does not  degrade ope ra t ion ,  

This  was done by us ing  a the rmis to r  a c r o s s  t h e  

One o t h e r  form of compensation was necessary  i n  t h i s  po r t ion  of t h e  
c i r c u i t ,  
c o e f f i c i e n t  such t h a t  a t  LN temperature ,  i t s  output  is cons iderably  
g r e a t e r  t han  a t  room temperature .  A t  LH2 temperature ,  i ts output  is even 
h igher .  Thus, some method was needed t o  minimize t h i s  change, The r e s i s t o r  
i n  series with t h e  LED (R,) was changed t o  a carbon composition r e s i s t o r ,  
Since t h i s  type  of r e s i s t o r  i nc reases  i n  va lue  approximately 200% a t  LH2 
temperature ,  t h e  cu r ren t  through t h e  L E D  is decreased by a t  least 50% 

The l i g h t - e m i t t i n g  diode used i n  t h i s  s enso r  has  a temperature  

and t h e  l i g h t  output  is 

4,3,2 AC Amplif ier  

I n  add i t ion  t o  t h e  
vol tage  drop ac ross  t h e  

decreased accordingly.  

ga in  and leakage problems o u t l i n e d  p rev ious ly ,  
diodes and t r a n s i s t o r  j unc t ions  a t  hydrogen 

temperatures  a l s o  r equ i r ed  compensation t o  avoid degradat ion of t h e  
a m p l i f i e r  performance. 
o f  t r a n s i s t o r  and feedback combinations were b u i l t  and t e s t e d ,  The 
o b j e c t i v e  was t o  determine which type  of c i r c u i t  would provide t h e  most 
ac gain and ac and dc s t a b i l i t y  ac ross  t h e  temperature  range with t h e  
least number of components, 

1 
I 
I 
1 
1 

Severa l  types  of a m p l i f i e r s  with an assortment  

Under worst-case cond i t ions ,  t h e  output  of t h e  s o l a r  c e l l  was known 
t o  be 4 m i l l i v o l t s ,  With an es t imated  need of  4 v o l t s  ou t  of t h e  
a m p l i f i e r ,  t h e  minimum ga in  of t h e  a m p l i f i e r  had t o  be 1000o Using 
2N1308 and/or 2N1309 t r a n s i s t o r s  with a worst-case minimum b e t a  of 5 ,  a 
minimum of f i v e  t r a n s i s t o r s  were requ i r ed  i n  t h e  a m p l i f i e r  c i r c u i t o  

It  was decided t o  dc  couple  as many s t agbs  as p o s s i b l e  t o  reduce t h e  
number of components, 
good b i a s  s t a b i l i t y  us ing  t h i s  approach, t h e  amount of  feedback necessary  
decreased t h e  ga in  below a p r a c t i c a l  l e v e l .  

However, it soon became obvious t h a t  t o  maintain 

4 , l O  
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F i n a l l y ,  a PNP, NPN, PNP ampl i f i e r  c i r c u i t  was designed as shown i n  

However, because of problems a t . h i g h  temperature ,  it was temporar i ly  
Figure 4-7. 
good, 
d i scarded ,  
t h e  r e g u l a t o r  and b i a s  c i r c u i t r y ,  it was t e s t e d  with s a t i s f a c t o r y  r e s u l t s  
from +65OC t o  -196OCO 
f i n a l  design o f - t h e  sensor,, 

The ac gain and dc s t a b i l i t y  of t h i s  c i r c u i t  were reasonably 

Later, after some modif icat ion t o  reduce ac feedback through 

This b a s i c  ac a m p l i f i e r  c i r c u i t  was used i n  the  

Each s e c t i o n  was designed t o  demand a minimum ga in  of  f i v e  from t h e  
t r a n s i s t o r s ,  
f i f t y ,  t hus  g iv ing  a t o t a l  a v a i l a b l e  ga in  of 2500.with two s e c t i o n s  i n  
cascade 

The o v e r a l l  vo l tage  ga in  of each s e c t i o n  is approximately 

A l a r g e  amount of nega t ive  feedback was used t o  minimize t h e  e f f e c t  
of l a r g e  changes i n  cu r ren t  gain of t h e  t r a n s i s t o r s ,  
c a p a c i t o r  bypass was put i n  t o  inc rease  t h e  ac ga in  of t h e  c i r c u i t  without 
a f f e c t i n g  t h e  dc  s t a b i l i t y ,  Or ig ina l ly ,  t h e  r e s i s t o r s  i n  series with t h e  
bypass capac i to r s  w e r e  carbon composition types .  
ac ga in  a t  l i q u i d  hydrogen temperature t o  p a r t i a l l y  compensate f o r  t h e  
increased  output  of  t h e  LED. However, l a t e r  it was discovered t h a t  t h i s  
was unnecessary and t h e  carbon composition r e s i s t o r s  were rep laced  with 
one percent  wirewound resistors. 

The r e s f s t o r -  

This  was done t o  decrease t h e  

The diodes i n  t h e  b i a s  network of each s e c t i o n  w e r e  pu t  i n  t o  com- 
pensa te  f o r  vo l tage  changes across t h e  junc t ions  of t h e  t r a n s i s t o r s ,  
thermistors w e r e  added t o  compensate f o r  leakage c u r r e n t s  a t  room and high 
temperatures .  
g a i n ,  t h e  the rmis to r s  do not  cause apprec iab le  s i g n a l  degradat ion,  
cryogenic  temperatures  when t r a n s i s t o r  gain i s  very low, t h e  the rmis to r s  
have e s s e n t i a l l y  i n f i n i t e  r e s i s t a n c e  and t h e r e f o r e  do no t  a f f e c t  c i r c u i t  
o p e r a t i o n o  

The 

Since a t  t h e s e  temperatures  the  t r a n s i s t o r s  have very high 
A t  

Tests a t  temperatures  ranging f r o m  +50°C t o  -250OC revea led  t h e  dc 
b i a s  t o  be q u i t e  s t a b l e .  
c e n t e r  w a s  noted,  
l i m i t s  

A s h i f t  of only two v o l t s  around t h e  design 
The ac vo l t age  ga in  a l s o  remained within t h e  design 

4.3.3 Detector  

S t a b i l i t y  of t h e  d e t e c t o r  s t a g e  is  very important s i n c e  it is  t h i s  
s t a g e  t h a t  determines t h e  switching c h a r a c t e r i s t i c s  of t h e  senso r ,  
a l l y ,  t h i s  s t a g e  d e t e c t s  an ac input  s i g n a l  and conver t s  it t o  a dc  l e v e l  
ou tpu t  by i n t e g r a t i o n .  
s enso r  and is a funct ion  of t h e  amplitude of the  input  ac s i g n a l .  
e s t a b l i s h  a stable switch po in t  a cons tan t  t h re sho ld  l e v e l  must be main- 
t a i n e d  i n  t h e  d e t e c t o r  s t age .  

Basic- 

The dc l e v e l  determines t h e  switch po in t  of t h e  
T o  

The first work with d e t e c t o r  s t a g e s  was done w i t h  c i r c u i t s  similar 
t o  o t h e r  cryogenic  sensors  of  t h i s  t ype ,  
t h a t  a simple diode or  t r a n s i s t o r  d e t e c t o r  c i r c u i t  w a s  imprac t i ca l  with 
germanium t r a n s i s t o r s .  
it was necessary t o  provide a low impedance between base and emitter of 
t h e  d e t e c t o r  t r a n s i s t o r ,  This l e d  t o  excess ive  s i g n a l  a t t e n u a t i o n ,  The 
next  s t e p  was t o  i n v e s t i g a t e  t ransformer  coupl ing which permits  good b i a s  

However, it soon became ev iden t  

I n  o rde r  t o  prevent  leakage i n  t h e  d e t e c t o r  s t a g e ,  
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c o n t r o l  and a t  t h e  same time al lows good ac  s i g n a l  coupling i n t o  the  
s t a g e  e 

Various methods of  transformer-coupling and t r a n s i s t o r  c i r c u i t s  were 
i n v e s t i g a t e d .  
o f  two t r a n s i s t o r s  connected i n  a "push pu l l "  arrangement, 
a dc l e v e l  which was f i l t e r e d  and amplif ied by a t h i r d  stage. 
opera ted  very wel l  ac ross  t h e  s p e c i f i e d  temperature  range.. 
had one disadvantage i n  t h a t  it requi red  a l a r g e  number of components. 

One c i r c i u t  conf igura t ion  t h a t  worked very we l l  cons i s t ed  
The output  was 

However, it 
This  c i r c u i t  

I t  was then decided t o  go back t o  t h e  o r i g i n a l  t ransformer  coupled 
d e t e c t o r  s t a g e  and add another  s t a g e  of ga in .  This  c i r c u i t  'a lso worked 
w e l l  over  t h e  temperature range and r equ i r ed  fewer p a r t s  than the  "push 
p u l l "  type c i r c u i t .  This s t a g e  d id  not  r e q u i r e  temperature compensation 
s i n c e  none of t h e  temperature dependent v a r i a b l e s  a f f e c t e d  opera t ion  ap- 
p rec i ab ly .  See Figure 4-8 f o r  f i n a l  c i r c u i t .  

4.3.4 DC Amplif.ier. and Output Stages 

The dc a m p l i f i e r  and output  s t a g e s  are similar t o  c i r c u i t s  used i n  
The c i r c u i t s  a r e  s t r a igh t fo rward  dc switching 

Comparatively l i t t l e  e f f o r t  was requ i r ed  i n  de- 
See Figure 4-8 f o r  f i n a l  c i r c u i t .  

o t h e r  cryogenic senso r s ,  
a m p l i f i e r s  designed around the  leakage and ga in  c h a r a c t e r i s t i c s  of t h e  
germanium t r a n s i s t o r s .  
veloping t h i s  c i r c u i t .  

4.3.5 RFI F i l t e r  

An RFI f i l t e r  was added i n  accordance with t h e  s p e c i f i c a t i o n .  How- 
eve r ,  due t o  s i z e  l i m i t a t i o n s  i n  t h e  housing, some problems were encountered 
i n  f i n d i n g  components t h a t  would f i t  i n t o  t h e  sensor  and st i l l  f i l t e r  ou t  
RFI and AFI. 

Although complete RFI tests were not  performed a prototype u n i t  was 
t e s t e d  and found t o  meet t h e  Audio S u s c e p t i b i l i t y  requirements of  MIL-I- 
6181D. 

The type  o f  f i l t e r  incorpora ted  i n  t h e  u n i t  should enable  it t o  com- 
p l e t e l y  conform t o  MIL-I-6181D. 

4.4 ASSEMBLY AND TESTING OF COMPLETE C I R C U I T  

Af t e r  the.  completion of  c i r cu i t  block development, complete sensor  
c i r c u i t s  were breadboarded and t e s t e d  over  t h e  s p e c i f i e d  temperature range. 
This  w a s  done t o  v e r i f y  t h a t  t h e  c i r c u i t  block requirements had been ac- 
c u r a t e l y  def ined.  

I t  was necessary t o  make some r e v i s i o n s  i n  the  i n t e r f a c e  between t h e  
ac a m p l i f i e r  and t h e  de t ec to r .  
coupling and e s t a b l i s h i n g  de tec t ion  l e v e l s  f o r  t h e  sensor  as a whole. 

This  involved incorpora t ing  t ransformer  

After t h i s  modi f ica t ion  was incorpora ted ,  t h e  c i r c u i t  performed w e l l  

Two prototype sensors  
over  t h e  temperature range. 
c i r c u i t  cards  and i n s t a l l e d  i n  a pro to type  sensor .  
w e r e  then b u i l t  and found t o  opera te  over  t h e  temperature  range. 

The c i r c u i t  was then l a i d  out  on p r in t ed -  
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5,O PACKAGE DESIGN 

5 .1  SENSOR ENVELOPE 

The sensor  o u t l i n e  and b a s i c  cons t ruc t ion  were de ined by Spec i f i ca t ion  
R-PEE-PMS-SPEC-4-63 Revision A.  
d i r e c t e d  toward mounting components i n  a p r a c t i c a l  arrangement wi th in  the  
space provided. 

Thus, t h e  major packaging e f f o r t  was 

No b a s i c  changes were made t o  t h e  e x t e r n a l  housing. 

The sensor  package ( s e e  Figure 5-9 f o r  o u t l i n e  drawing) is approximately 
s i x  inches  long and weighs approximately 1 pound. 
i s  less than  two inches i n  diameter.  The e n t i r e  housing is  f a b r i c a t e d  of 
s t a i n l e s s  s teel  except  t h e  prism housing proper.which is made of a g l a s s -  
s e a l i n g  a l l o y .  
during use6 

The e l e c t r o n i c s  housing 

This a l l o y  is p l a t e d  t o  provide cor ros ion  r e s i s t a n c e  

5,2 CIRCUIT LAYOUT 

A s  expla ined  earlier,  every e f f o r t  was made during t h e  design phases 
t o  minimize t h e  number of  components i n  each c i r c u i t  because of t h e  f ixed  
amount of  volume a v a i l a b l e  f o r  t h e  e l e c t r o n i c s  po r t ion ,  I n  s p i t e  of  t h i s  
accent  on l i m i t i n g  t o t a l  components, space within t h e  sensor  housing was 
a t  a premium, 
mounted v e r t i c a l l y  on t h e  p r i n t e d  c i r c u i t  boards and each of t h e  c i r c u i t  
boards conta in  t h e  maximum number of p a r t s  c o n s i s t e n t  with reasonable  
c i r c u i t  l ayout .  
with components for the  f i n a l  sensor  c i r c u i t  shqwn i n  Figure 4-8, S t a r t i n g  
a t  t h e  upper l e f t ,  t h e  boards conta in  t h e  1st ac a m p l i f i e r ,  2 ac a m p l i f i e r ,  
t h e  d e t e c t o r  and dc ampl i f i e r ,  t h e  o s c i l l a t o r  and LED d r i v e r  and f i n a l l y  a t  
t h e  lower r i g h t ,  t h e  output  s t a g e  and f i l t e r  c i r c u i t s .  

For t h i s  reason,  some of t h e  ax ia l - l ead  components were 

The photograph i n  Figure 5-10 shows t h e  f i v e  c i r c u i t  boards 

5.3 SENSOR ASSEMBLY 

The c i r c u i t  boards are mounted i n  t h e  sensor  housing i n  t h e  o rde r  
mentioned using t u b u l a r  spacers  between c i r c u i t  boards.  
assembly is po t t ed  using an aluminum-oxide f i l l e d  epoxy compound which 
had previous ly  been developed for t h i s  type  of s e r v i c e  and is compatible 
with cryogenic  temperatures .  Figure 5-11 shows a complete set of sensor 
e l e c t r o n i c s  with t h e  p o t t i n g  compound i n  place.  
Figure 5-12 was taken j u s t  before  t h e  card  assemblies were s l ipped  i n t o  t h e  
housing. 
housing at t h e  prism end and the  p o t t e d ,  card-spacer  assemblies  compress t h e  
s p r i n g  as they  are pressed  aga ins t  it u n t i l  t h e  rear cover is  welded i n  
p l a c e ,  
which w i l l  wi thstand t h e  v i b r a t i o n  and shock of  a s t r i n g e n t  environment. 
A small evacuat ion ho le  is loca ted  i n  the  r e a r  cover through which t h e  
u n i t  i s  evacuated and b a c k f i l l e d  with a helium-nitrogen mixture.  The 
helium l eak  test fs performed wi th in  one hour af ter  t h e  b a c k - f i l l i n g  op- 
e r a t i o n ,  
s h u t ,  
per iod .  

Each card-spacer 

The photograph i n  

A stiff c i r c u l a r  wave-washer sp r ing  i s  loca ted  i n s i d e  t h e  

Once the  end cover  is welded i n  p l a c e ,  t h e  cards  form a r i g i d  stack 

This time is requi red  t o  permit t h e  evacuat ion hole  t o  be welded 
A temporary s toppe r  is kept i n  t h e  evacuat ion hole  during t h i s  
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Figure  5-10 

One S e t  of P r i n t e d  C i r c u i t  Cards 
Before P o t t i n g  
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Fipure 5-11 

One S e t  of  Sensor  Cards After P o t t i n g  
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Figure 5-12 

Completed Sensor  P r i o r  t o  F i n a l  Assembly and Close-up 
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6,O TESTING PROGRAM 

6 , l  TEST SET-UPS 

During t h e  course of t h e  program, it was necessary  t o  test  components, 
breadboard c i r c u i t  blocks and complete senso r s  over  t h e  s p e c i f i e d  temperature rclng2 
Conventional ins t rumenta t ion  and t e s t  methods were used f o r  a11 except t h e  
tests a t  l i q u i d  hydrogen tempera ture ,  
was done by dircct  immersion of t h e  components and tes t  c i r c u i t  boards LII 

t h e  l i q u i d ,  

Pre l iminary  t e s t i n g  a t  LN2 temperature 

The explos ion  hazards a t t e n d a n t  with l i q u i d  hydrogen t e s t i n g  r equ i r ed  
a tes t  se t -up  95 t h e  type  used i n  t h i s  program, 

Most of t h e  c i r c u i t  and component t e s t i n g  was done i n  a s p e c i a l  t e s t  
chamber a t  LH2 temperature,  The f i x t u r e  c o n s i s t s  o f  a he l ium- f i l l ed  chamber 
which was immersed d i r e c t l y  i n  LH2" 
f a i l u r e  o r  electrical  f a u l t ;  t h e  p o s s i b i l i t y  o f  f i r e  and explos ion  was 
minimized, since any leakage of t h e  chamber cover seal would cause t h e  
expuls ion  o f  i n e r t  helium r a t h e r  than  allow a seepage o f  hydrogen i n t o  t h e  
e lectr ical  tes t  area, The use of helium i n  t h e  chamber a l s o  improved hea t  
t r a n s f e r  between t h e  t e s t  chamber walls and t h e  components under t e s t "  
minimized t h e  soak time requ i r ed  f o r  t h e  components under test  t o  reach  LH2 
temperatures.  Temperature measurements dur ing  t e s t i n g  i n d i c a t e d  a d i f f e r e n c e  
o f  less than  2 O C  between t h e  i n s i d e  of t h e  t h i n  wall t ube  and t h e  surrounding 
LH2 with t h e  c i r c u i t  under tes t  de-energized 
be adequate for pre l iminary  component tes t  

where a p p l i c a b l e  and with s e v e r a l  s p e c i a l  t e s t  c i r c u i t s  as r e q u i r e d ,  
schematic p r e s e n t a t i o n  of t h e  test chamber is shown i n  Figure 6 - M 0  
6-14 shows a photograph of t h e  a c t u a l  tes t  se t -upo  

I n  case o f  a c a t a s t r o p h i c  component 

This 

This temperature was F+t t t o  

T e s t  sample performance was monitored with s t anda rd  test  equipment 
A 

Figure 

6 2 COMPONENT TESTING 

6,2,1 T r a n s i s t o r  T e s t s  

Paragraph 4 0 2 G 3  summarizes t h e  r e s u l t s  ob ta ined  from tnaansfstor 
t e s t i n g  and d i scussed  some o f  t h e  c i r c u i t  des ign  a s p e c t s  of t h e  t e s t  
r e s u l t s  

lt was known from ear l ier  work t h a t  c u r r e n t  g a i n  i n  a l l  t r a n s i s t o r s  
decreases  q u i t e  r a p i d l y  as cryogenic tempera tures  are approached, 
germanium t r a n s i s t o r s  e x h i b i t  a smaller percentage change i n  g a i n  than  
s i l i c o n  dev ices  a t  t h e s e  tempera tures ,  I t  was also known t h a t  s i l i c o n  
u n i t s  of p l a n a r  cons t ruc t ion  w i l l  n o t  func t ion  even a t  LN2 tempera ture ,  
whereas some t r a n s i s t o r s  o f  mesa cons t ruc t ion  perform f a i r l y  w e l l ,  
fore, only  c e r t a i n  types  o f  t r a n s i s t o r s  were i n v e s t i g a t e d  f o r  t h i s  
program 

Secondly, 

There- 

Using t h e  LH2 test  chamber, p re l iminary  tes t s  were made of t h e  SI( 
t ypes  by comparing t h e  room temperature g a i n  with t h e  g a i n  a% LH2 
tempera tureo  
ga in  a t  va r ious  b i a s  p o i n t s  a t  both tempera tures ,  

A Tektronfx curve tracer was used t o  measwe t h e  ac and de 
A l l  s i l i c o n  t r a n s i s t o r s  
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Figure 6-13,, Schematic Diagmm of LH2 Test Chamber 
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f a i l e d  t o  ope ra t e  i n  l i q u i d  hydrogen, i nc lud ing  a s p e c i a l  device  designed 
t o  ope ra t e  a t  l i q u i d  n i t rogen  tempera ture ,  
effect  t r a n s i s t o r s  a l s o  f a i l e d  a t  -255OC, However, seven o f  t h e  germanium 
devices  d i d  r e t a i n  a usable  percentage  of t h e i r  nominal ga in ,  The average 
ac (h 1 and dc  ( h m )  g a i n s  o f  t h e s e  t r a n s i s t o r s  are l i s t e d  i n  T a b l e  11, 
A s  i n k a t e d  i n  t h e  t a b l e .  f i v e  of t h e  seven germanium t r a n s i s t o r  t ypes  
were s e l e c t e d  f o r  f u r t h e r  tests a t  LH2 temperature i n  l a r g e r  q u a n t i t i e s ,  
With t h e  exception o f  t h e  2N1039, which was t h e  only  power t r a n s i s t o r  
among t h e  seven ,  t h e  t r a n s i s t o r s  s e l e c t e d  were swi tch ing  dev ices ,  
2N1039 had been used i n  l i q u i d  n i t rogen  a p p l i c a t i o n s  prev ious ly  a t  Pioneer- 
Cen t ra l ,  The curve tracer was not  used f o r  t h e  a d d i t i o n a l  t es t s  because 
c a p a c i t i v e  coupling between t h e  many component l ead  wires caused er roneous  
readings .  
load  capac i tance  which a l s o  a f f e c t e d  t h e  measurements. 
measurement o f  c u r r e n t  ga in  was used i n  t h e s e  t es t s ,  
was considered t o  be conse rva t ive ,  s i n c e  t h e  ac va lues  were always h ighe r  
when both ac and dc  ga in  va lues  were measured i n  ear l ier  tes t s ,  

Two types  o f  s i l i c o n  f i e l d -  

The 

Capacitance effects o f  s h i e l d e d  cables in t roduced  extraneous 
Therefore ,  dc  

Using t h e  dc va lue  

The c h a r a c t e r i s t i c  curves  a t  room and LH2 temperatures for  t h e  t r a n -  
s i s t o r s  t e s t e d  are reproduced i n  Appendix I. 
and emitter-to-base vo l t age  c h a r a c t e r i s t i c s ,  

These curves show gain 

T r a n s i s t o r  d a t a  was examined on t h e  b a s i s  of g a i n ,  emi t te r - to-base  
vo l t age  characteristics, and leakage c h a r a c t e r i s t i c s ,  
t r a n s i s t o r s  t e s t e d ,  t h r e e  were chosen f o r  use i n  t h i s  p r o j e c t .  
were t h e  2N1308, 2N1309, and 2N1039, a l l  manufactured by Texas Ins t ruments ,  
The 2N1308 and 2N1309 devices  were chosen f o r  a l l  func t ions  where power 
demands are small, The 2N1039 is a 20-watt device  and was chosen f o r  use 
i n  t h e  output  s t a g e  and f o r  pu l s ing  t h e  LED. 

Of a l l  t h e  
These 

Data t aken  on 25-30 samples each o f  t h e  t h r e e  types  of t r a n s i s t o r s  
i nd ica t ed  t h e  average minimum ga in  o f  t h e  2N1308 and 2N1309 t o  be 7-10 
while t h e  ga in  o f  t h e  2N1039 went as low as 2-3, depending upon c u r r e n t  
l e v e l ,  Thus, t h e  minimum ga ins  f o r  design purposes were 5 f o r  t h e  2N1308 
and 2N1309 and 2 f o r  t h e  2N1039, 

See Appendix I f o r  photos o f  cu rve - t r ace r  tests. 

6 , 2 , 2  Diode Tes t ing  

6.2,2.1 Zener and Forward S i l i c o n  Diodes 

Both zener  d iodes  and s i l i c o n  forward d iodes  were t e s t e d  a t  LH2 as 
well as room tempera tures ,  
immersed i n  t h e  he l ium- f i l l ed  chamber of t h e  t e s t  f i x t u r e  descr ibed  
earlier,  

The d iodes  were mounted on test  boards and 

C h a r a c t e r i s t i c s  were determined by us ing  a curve t racer ,  

The following s i l i c o n  d iodes  were t e s t e d :  17 samples of 1N645, 
3 samples of 1N750A, 5 samples of 1N755A, 8 samples of 1N963, 1 2  
samples of 1N96S0 

I n  g e n e r a l ,  it was found t h a t  forward d iodes  increased  t h e i r  f o r -  
ward vo l t age  drop approximately 2 t o  1 a t  LH2 temperatures as compared 
t o  room temperature va lues  

6.4 

P I O N E E R - C E N T R A L  D I V I S I O N  b T H E  B E N D I X  C O R P O R A T I O N  . D A V E N P O R T ,  I O W A  



1 .  
1 
I 
I 
1 
1 
1 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Zener d iodes  were found t o  have z p o s i t i v e  temperature c o e f f i c i e n t  
which is  an ex tens ion  of t h e  Coeff ic ien t  founcl i n  more common tempepature 
ranges ,  Zener d iodes  wi th  c h a r a c t e r i s t i c  v o l t a g e s  i n  t h e  5 t o  6 v o l t  
ranges  showed only  minor changes with tempera ture ,  Uni t s  having h ighe r  
nominal vo l t age  r a t i n g s  were found t o  show greater percentage reduct fon  
i n  o p e r a t i n g  vo l t age  a t  LH2 tempera tures ,  

I t  w a s  a l s o  found t h a t ,  i n  g e n e r a l ,  leakage c h a r a c t e r i s t i c s  of a l l  
d iodes  were reduced a t  LH2 tempera ture ,  

Curve tracer photographs of t h e  c h a r a c t e r i s t i c s  o f  s e v e r a l  d iodes  
are inc luded  i n  Appendix I along wi th  photos o f  t r a n s i s t o r  cu rveso  

6,2.2,2 Light Emi t t ing  Diodes 

Three types  o f  l i g h t  emi t t i ng  d iodes  w e r e  cons idered  as l i g h t  
sou rces  f o r  t h i s  s enso r  - t h e  T I  SNX100, Micros ta te  MS700, E Hewlett- 
Packard's hps-4104, 
Samples o f  each were t e s t e d  wi th  a s t anda rd  solar ce l l  a t  room temperature 
for comparison, They were then  connected i n t o  a mul t iv ib ra to r -d r iven  
c i r cu i t  wi th  a prism and solar ce l l  assembly connected t o  a two-stage 
ac a m p l i f i e r ,  
compared a t  +6OoC, room temperature and a t  LN2 temperature.  
is  shown i n  Table 111, 

A l l  are Gallium-Arsenide forward b i a sed  d iodes ,  

The ou tpu t  o f  t h e  a m p l i f i e r  with a l l  t h r e e  d iodes  was 
This d a t a  

TEST CELL 
DIODE TEMPERATURE OUTPUT P-P VOLTS 
I-- . . 

Room 2 
2 ,5  

6OoC 1 , 3  

LN2 Micros ta te  MS 700 

Room 105 
200 

LN2 
Texas Ins t ruments  SNXlOO 

Oo7 I I 6ooc 
I I 

MINIMUM MAXIMUM 
OUTPUT CHANGE LN2 

TO + 6OoC 

1 , 3  102 

1.4 4,6 

007 1 , 3  

TABLE 111. L E D  Temperature Test Data 

Since  each LED was t e s t e d  wi th  a s t anda rd  s o l a r  c e l l ,  and no o t h e r  
components were exposed t o  t h e  temperature v a r i a t i o n s ,  t h e  output  
v a r i a t i o n s  r ep resen ted  c h a r a c t e r i s t i c s  o f  t h e  LED, The H-P and t h e  
Micros ta te  devices  had approximately t h e  same minimum o u t p u t s ,  b u t  t h e  
Micros ta te  u n i t  showed t h e  b e s t  s t a b i l i t y  ove r  t h e  temperature range, 
I n  l i g h t  of t h e s e  comparisons, t h e  Microstate LED was chosen fo r  use 
i n  t h e  29740 o p t i c a l  l i q u i d  senso r ,  
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6 ,2 .3  S o l a r  C e l l  Tes t ing  

Past experience wi th  s o l a r  ce l l s  o f  t h e  dua l -sec t ion  sh ing le  con- 
s t r u c t i o n  (each s e c t i o n  was - 5  cm x .5  cm) had shown occas iona l  f a i l u r e s  
due t o  mechanical c e l l  damage as a r e s u l t  o f  d i f f e r e n t i a l  thermal expan- 
s i o n  c o e f f i c i e n t s .  
of t h e  lapped e lec t r ica l  connection between t h e  two c e l i  s e c t i o n s .  This  
j o i n t  was loaded i n  s h e a r  s i n c e  t h e  f iber-glass epoxy base laminate has  
a considerably g r e a t e r  c o e f f i c i e n t  o f  expansion than  t h e  bulk s i l i c o n  of 
t h e  c e l l  s e c t i o n s ,  

I 
1 

The problem was u s u a l l y  due t o  d e t e r i o r a t i o n  o r  f a i l u r e  

1 
1 
1 

An a t tempt  was made t o  so lve  t h i s  problem by designing a s o l a r  c e l l  
assembly i n  which t h e  two s e c t i o n s  were mounted i n d i v i d u a l l y  t o  s e p a r a t e  
pads of a small p r i n t e d - c i r c u i t  card .  However it was s t i l l  necessary  t o  
connect e l e c t r i c a l l y  t o  t h e  p o s i t i v e  t o p  conducting s u r f a c e s  of t h e  c e l l  
s e c t i o n s  wi th  l eads .  S u f f i c i e n t  d i f f i c u l t i e s  were encountered i n  mafntain- 
i n g  p o s i t i v e  e l e c t r i c a l  connection t h a t  t h i s  conf igu ra t ion  was d i sca rded ,  

S o l a r  cel ls  o f  a s i n g l e  large s e c t i o n  ( . 5  cm x 1 cm) were then  t e s t e d  
and found t o  produce good c o n s i s t e n t  t e s t  r e s u l t s .  

I The lower character is t ic  impedance of t h e  s i n g l e  s e c t i o n  c e l l  matches 
t h e  a m p l i f i e r  i npu t  impedance q u i t e  w e l l .  
was inco rpora t ed  i n  t h e  29740-A1 sensor .  

Therefore t h i s  type s o l a r  c e l l  

Since a l l  s o l a r  c e l l s  t e s t e d  performed adequate ly  e l e c t r i c a l l y ,  no 
comparison of e l ec t r i ca l  performance is  inc luded  i n  t h i s  r e p o r t ,  Evalua t ion  
was based s t r i c t l y  on mechanical i n t e g r i t y  o f  t h e  c e l l  and ho lde r  assembly 
when cycled ove r  t h e  temperature range. 

6 , 2 , 4  Capac i tor  Tests 

I n  prev ious  cryogenic o p t i c a l  s enso r s ,  bo th  s o l i d  tantalum and s i l v e r -  
mica type  c a p a c i t o r s  were used wi th  good r e s u l t s .  
t h e s e  proven types  were t e s t e d  a t  LH2 temperature at  first.  
components showed only s l i g h t  temporary change a t  l i q u i d  hydrogen temper- 
ature,  it was decided t h a t  t h e i r  ope ra t ing  temperature range could be ex- 
tended from LN2 t o  LHg f o r  use i n  t h e  29740-A1 Sensor. 

For t h i s  reason ,  only 
Since t h e  

6,2.5 R e s i s t o r  Tes t ing  

Three types  of r e s i s t o r s ,  wire-wound, metal-film, and composition re- 

Composition re- 
s i s t o r s ,  were t e s t e d  a t  LH2 tempera tures .  
s i s tors . showed a change i n  r e s i s t a n c e  on t h e  o r d e r  of 1%, 
s i s t o r s  were found t o  i n c r e a s e  i n  va lue  cons iderably  as cryogenic tempera tures  
were approached. 
approximating 200% o f  room temperature va lue  a t  LH2 temperatures.  

The wirewound and metal-film re- 

The percentage  change was g r e a t e s t  f o r  high nominal va lues ,  

A s  a r e s u l t  o f  t h e s e  tests, wirewound and metal-film r e s i s t o r s  were 
s e l e c t e d  f o r  use i n  t h e  u n i t  where cons t an t  va lues  were r equ i r ed ,  Com- 
p o s i t i o n  r e s i s t o r s  were considered for use as temperature compensation 
elements 

Seve ra l  fa i lures  of t h e  1 / 1 0  watt I R C  metal-film r e s i s t o r s  and an 
occas iona l  f a i l u r e  of t h e  wirewound r e s i s t o r s  during build-up and u n i t  
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t es t  i n d i c a t e d  t h a t  t h e r e  was a r e l i a b i l i t y  problem wi th  t h e s e  p a r t s  when 
used at cryogenic temperatures.  

SLEEVED UNSLEEVED 

One On e VERTICAL 
M O U " G  

None HORIZONTAL None 
NG . 

A s  a r e s u l t  of t h i s  problem, a t e s t  program on t h i s  item was i n i t i a t e d "  
One hundred I R C  1 / 1 0  watt m e t a l - f i l m  r e s i s t o r s  w e r e  t e s t e d  under cond i t ions  
s imula t ing  cond i t ions  i n  t h e  senso r .  
and t h e  o t h e r  50 were mounted h o r i z o n t a l l y  on boards.  
twice i n  LN2, then 1 0  times i n  LH2" 
t o  LH2 temperature f o r  30 minutes,  then  back t o  room temperature f o r  30 
minutes. A quick r e s i s t a n c e  check was made as t h e  t e s t  boards were removed 
from t h e  t e s t  chamber t o  determine any open r e s i s t o r s  whi le  boards were 
s t i l l  co ld .  
a t  room temperature a f t e r  each cyc le .  

F i f t y  r e s i s t o r s  were mounted on end 

Each cyc le  was from room temperature 
A l l  were cyc led  

The a c t u a l  r e s i s t a n c e  was measured with a Wheatstone Bridge 

SLEEVED I UNSLEEVED 

One One 

Three None 

The tes t  was designed t o  determine t h e  effect  of t h e  p o t t i n g  on t h e  
fa i lure  o f  t h e  r e s i s t o r s .  
w i th  t e f l o n  tub ing  t o  prevent  adhesion t o  t h e  p o t t i n g  material, 

Therefore,  every o t h e r  r e s i s t o r  was s l eeved  

Also, twenty-four Dale 1 watt wirewound r e s i s t o r s  were mounted hor- 
i z o n t a l l y  on a test  board and t e s t e d  i n  t h e  same manner as t h e  metal f i l m  
u n i t s .  The r e s u l t s  o f  t h e  t e s t i n g  are summarized i n  Table IV, 

I 2 

WIREWdUND - NUMBER OF FAILURES 

NONE 

TABLE I V .  R e s i s t o r  T e s t  Resu l t s  

A t a b u l a t i o n  of t h e  r e s i s t a n c e  measurements taken  a f t e r  t h e  va r ious  
temperature cyc ie s  is given i n  Appendix I1 of t h i s  r e p o r t .  

The g e n e r a l  problem wi th  t h e  r e s i s t o r  f a i l u r e s ,  r e s u l t e d  i n  de l ays  dur ing  
t h e  l a t t e r  p a r t  of t h e  program whi le  q u a n t i t i e s  o f  t h e  r e s i s t o r s  were being 
t e s t e d .  An a l t e r n a t e  source  f o r  t h e  l / l&watt  metal-film r e s i s t o r s  has  
now been e s t a b l i s h e d .  The r e l i a b i l i t y  o f  t h e  r e s i s t o r s  i nco rpora t ed  i n  
t h e  t h r e e  senso r s  de l ive red  is  no t  as high as des i r ed .  However, because 
o f  t h e  ex tens ive  t e s t i n g  done on t h e  senso r s  it is a n t i c i p a t e d  t h a t  they 
w i l l  remain o p e r a t i o n a l  during t h e  remainder of t h e  tes t  program, 

6 3 BREADBOARD C I R C U I T  TESTING 

During t h e  development o f  t h e  c i r c u i t  b locks  descr ibed  i n  paragraph 
4,3, t h e  t e s t  c i r c u i t s  were assembled on p r i n t e d  c i r c u i t  ca rds  which were 
mounted i n  t h e  LH2 test  chamber. Test l e a d s  were brought o f f  t h e  t e s t  

6.7 
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c i rcu i t s  a t  c r i t i c a l  p o i n t s  f o r  monitoring c i r c u i t  opera t ion  a t  L H ~  temper- 
a turesd  
test and l e d  t o  development o f  t h e  c i r c u i t  b locks  which are incorpora ted  
i n  t h e  f i n a l  u n i t ,  

This pepmitted c a r e f u l  s tudy  and a n a l y s i s  of t h e  c i r c u i t  under 

After completion of t h e  c i r c u i t  block development, complete senso r  
c i r c u i t s  were breadboarded and t e s t e d  s i m i l a r l y  t o  v e r i f y  c a p a b i l i t i e s  
of t h e  complete c i r c u i t ,  

6 ,, 4 PROTOTYPE TESTING 

After completion o f  breadboard c i r c u i t  t es t s ,  two pro to tyne  Tin i t s  
were cons t ruc t ed  and t e s t e d  by d i r e c t  immersion i n  LH2 i n  t h e  t e s t  f i x t u r e . .  
The u n i t s  were moved i n  and out  of l i q u i d  while supply vo l t age  was va r i ed  
t o  determine high and low ope ra t ing  vo l t age  l i m i t s ,  

The u n i t s  were immersed, de-energized and allowed t o  coo l  down 
i n t e r n a l l y ,  
warm-up timea 

They were then  energ ized  t o  v e r i f y  ope ra t ion  without 

1 
I 
1 

6,5 E S T I N G  OF FINAL UNITS 

6,5,1 Pre l iminary  Tests of F i n a l  Uni t s  

During t h e s e  t es t s ,  t h e  c i r c u i t  boards were assembled i n t o  t h e  senso r  
housing, bu t  t h e  rear cover  was n o t  welded i n t o  p l ace ,  
then  t e s t e d  i n  and ou t  of l i q u i d  hydrogen while t h e  vo l t age  and t h e  c u r r e n t  
were measured a t  t h e  maximum and minimum values  over  which proper  ope ra t ion  
was maintained, 

The senso r  was 

The t h r e e  senso r s  were sub jec t ed  t o  approximately f i v e  thermal cyc le s  
During t h i s  each t o  determine ope ra t ing  c h a r a c t e r i s t i c s  be fo re  close-upb 

ser ies  o f  tes ts  a t o t a l  of f i v e  one-tenth watt r e s i s t o r s  and two t r a n s -  
formers developed open c i r c u i t s ,  

I 
The recurrence o f  metal f i l m  r e s i s t o r  f a i l u r e s  r e s u l t e d  i n  t h e  i n i t i a -  I 

t i o n  o f  t h e  r e s i s t o r  t e s t  program descr ibed  i n  paragraph 6,2,5 of t h i s  
r e p o r t o  
d i f f e r e n t i a l  expansion c h a r a c t e r i s t i c s  o f  t h e  materials used i n  t h e  
t r ans fo rmersd  
and t h e  t ransformer  s u p p l i e r  t o  develop a conf igu ra t ion  which w i l l  no t  be 
s u b j e c t  t o  t h i s  type  o f  f a i l u r e ,  
showed s a t i s f a c t o r y  ope ra t ion  dur ing  a minimum of f i v e  h igh  and low temer- 
a t u r e  cyc le s ,  t h e  t h r e e  u n i t s  t o  be d e l i v e r e d  were s e a l e d  and acceptance 
t e s t i n g  s t a r t e d ,  

I 
I 
I 

The two t ransformer  f a i l u r e s  were i n v e s t i g a t e d  and a t t r i b u t e d  t o  

A coopera t ive  program was e s t a b l i s h e d  between Pioneer-Central  

When t h e  par t ia l ly-assembled  sensorc  

6,5,2 F i n a l  Acceptance Tes t ing  

Using t h e  tes t  set-up,Figure 6-14, t h r e e  complete l e v e l  s enso r s  were 
t e s t e d  i n  accordance wi th  Pioneer-Central  Engineering S p e c i f i c a t i o n  602A 
inc lud ing  immersion i n  l i q u i d  hydrogen, A l l  t h r e e  u n i t s  passed t h e  tests 
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and were de l ive red  t o  NASA. 
witnessed by both Pioneer-Central  and NASA q u a l i t y  c o n t r o l  r e p r e s e n t a t i v e s ,  
is reproduced as Appendix I11 of t h i s  r e p o r t .  

The d a t a  taken during t h e s e  tests,  which were 

7.0 SUMMARY 

Most of t h e  engineer ing e f f o r t  r equ i r ed  f o r  t h e  development of  a 
s a t i s f a c t o r y  one-piece o p t i c a l  l i q u i d  senso r  f o r  ope ra t ion  i n  LH2 was 
d i r e c t e d  towards accomplishing t h e  fol lowing t a s k s :  (1) t h e  development 
and t e s t i n g  of e l e c t r o n i c  c i r c u i t r y  capable  of ope ra t ion  a t  normal and 
LH2 tempera tures ,  ( 2 )  t h e  t e s t i n g  o f  e l e c t r o n i c  components t o  determine 
t h e i r  phys i ca l  and e lec t r ica l  c h a r a c t e r i s t i c s  a t  LH2 t empera tu res ,  and 
( 3 )  t h e  development of s a t i s f a c t o r y  packaging techniques f o r  t h e  extreme 
environment s p e c i f i e d .  

A l l  development goa ls  were achieved with t h e  except ion of  t h e  
e lectr ical  response time requirements.  
were so lved  f o r  t h e  LH2 environment. 
metal-film r e s i s t o r s  o r i g i n a l l y  s e l e c t e d  revea led  p e r i o d i c  f a i l u r e s  
during t h e  build-up and t e s t  phase o f  t h e  program, 
r e s i s t o r s  f a i l e d  i n  f i n a l  u n i t s  and had t o  be rep laced ,  A l t e rna te  re- 
s i s t o r s  have been t e s t e d  a t  cryogenic  temperatures  i n  o t h e r  Pioneer-  
Cen t ra l  programs t o  e s t a b l i s h  adequate sources  f o r  p a r t s  f o r  t h i s  type  
a p p l i c a t i o n ,  
after repea ted  thermal  cyc l ing .  
thermal  expansion c h a r a c t e r i s t i c s  i n  t h e  t ransformer  materials. 
o p e r a t i v e  program e s t a b l i s h e d  between Bendix and t h e  t ransformer  s u p p l i e r  
r e s u l t e d  i n  a t ransformer  design which i s  not  s u b j e c t  t o  t h i s  t ype  of 
f a i l u r e  e 

Component r e l i a b i l i t y  problems 
For example, t h e  one-tenth watt 

Also s e v e r a l  o f  t h e s e  

F a i l u r e s  were a l s o  experienced i n  a min ia tu re  t ransformer  
These f a i l u r e s  were due t o  d i f f e r e n t i a l  

A co- 

Sources now e x i s t  f o r  a l l  p a r t s  r equ i r ed  i n  t h e  LH2 senso r ,  There- 
f o r e ,  a product ion program f o r  l i q u i d - l e v e l  hydrogen senso r s  i s  p r e s e n t l y  
f e a s i b l e  wi th  t h e  understanding t h a t  vendor c e r t i f i c a t i o n  f o r  component 
operation a t  LH2 temperatures  w i l l  need t o  be obta ined ,  o r  provis ion  
made f o r  conducting s u f f i c i e n t  t es t s  t o  a s su re  t h e  reliability of each 
component. 

I n i t i a l l y ,  it was a n t i c i p a t e d  t h a t  t h e  design g o a l  of  1 mi l l i second 
response could be achieved through u s e f d f  an ac e x c i t e d  l i g h t  source ,  A 
10 k c  e x c i t a t i o n  frequency was used t o  al low s u f f i c i e n t  i n t e g r a t i o n  time 
i n  t h e  RC-diode d e t e c t o r .  
response time than  was a n t i c i p a t e d ,  and a system response time o f  4 t o  
6 mi l l i seconds  r e s u l t e d  (depending on whether t h e  senso r  i s  t e s t e d  i n  
going from "in l i q u i d "  t o  "out of  l i qu id"  o r  v i c e  v e r s a ) ,  The reason 
f o r  t h e  s lower response time was no t  completely i d e n t i f i e d .  However, 
it is be l ieved  t h a t  most o f  t h e  de lay  i s  caused by t h e  RC time cons tan t  
of  t h e  tes t  c i r c u i t  f i l t e r  networks and t h e  LC time cons tan t  i n  t h e  out-  
pu t  lead .  This  problem was d iscussed  during an informal  program review, 
and it was agreed t h a t  t h e  longer  response time was no t  a s e r i o u s  l imita- 
t i o n ,  and was of  lesser importance than  such cons ide ra t ions  as t h e  r epea t -  
a b i l i t y  o f  response time under a given s e t  of  cond i t ions ,  and t h e  re- 
l i a b i l i t y  of  opera t ion  under LH2 condi t ions .  

However, t h o  swi tch ing  c i r c u i t s  had a longer  

Also,  it i s  important t o  
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no te  t h a t  t h e  time requ i r ed  f o r  l i q u i d s  t o  move on or o f f  t h e  sens ing  
area o f  t h e  s e n s o r  is  on t h e  o r d e r  of 1 0  mi l l i s econds ,  and depends on 
t h e  f l u i d  dynamics i n  t h e  sens ing  area. However, it is  be l i eved  t h a t  
t h e  e lec t r ica l  response t i m e  o f  t h e  u n i t s  can be reduced t o  t h e  1 m i l l i -  
second des ign  g o a l  by f u r t h e r  work, 

8.0 

I n  summary, t h e  LH2 senso r  development program i n d i c a t e s  t h a t  a one- 
p i e c e  LH2 p o i n t  s enso r  can now be produced. The major problems a s s o c i a t e d  
wi th  t h e  ope ra t ion  o f  t h e  e l e c t r o n i c  c i r c u i t r y  a t  cryogenic temperatures 
have been so lved ,  and p o i n t  s enso r s  can be produced which have an adequate 
r e l i a b i l i t y  when opera ted  i n  t h e  LH2 environment. 

RECOMMENDATIONS 

The work done i n  t h i s  program has r e s u l t e d  i n  development o f  a LH2 
p o i n t  s enso r  which i s  o p e r a t i o n a l  under t h e  environmental  cond i t ions  
s p e c i f i e d ,  However, i n  t h e  following g e n e r a l  areas a d d i t i o n a l  e f f o r t  
could r e s u l t  i n  an improved design: 
(2) s i z e  and weight should be reduced, ( 3 )  complexity should be reduced, 
( 4 )  response time should be reduced, and ( 5 )  new components should be 
i n v e s t i g a t e d  f o r  a p p l i c a b i l i t y  t o  LH2 opera t ion .  

(1) power d r a i n  should be reduced, 

S ince  the! des ign  f r e e z e  t o  permit d e l i v e r y  o f  t h e  t h r e e  u n i t s ,  much 
has  been l ea rned  about cryogenic c i r c u i t r y .  
done i n  t h i s  program as w e l l  as i n  o t h e r  programs a t  Pioneer-Central ,  
For example, f i e l d - e f f e c t  t r a n s i s t o r s  with good ope ra t ing  c h a r a c t e r i s t i c s  
a t  cryogenic temperatures have r e c e n t l y  become a v a i l a b l e  and are being 
i n v e s t i g a t e d .  Due t o  t h e i r  extremely low leakage a t  a l l  ope ra t ing  t e m -  
p e r a t u r e s  and t h e i r  high power g a i n ,  t h e s e  devices  are i d e a l l y  s u i t e d  
f o r  t h i s  type  o f  a p p l i c a t i o n ,  Thei r  use should permit r educ t ion  i n  t h e  
number of p a r t s  i n  t h e  ac a m p l i f i e r  and d e t e c t o r  s e c t i o n s  o f  t h i s  t ype  
senso r  

This i s  t h e  r e s u l t  of work 

Work a l r eady  completed has  r e s u l t e d  i n  t h e  fo l lowing  developments, 
A s i m p l i f i e d  c i r c u i t  reducing the number of components f r o m  22 t o  10, 
has  been developed f o r  d r i v i n g  t h e  l i g h t  emi t t i ng  diode, A s  improved 
methods f o r  provid ing  t h e  d e t e c t i o n  and i n t e g r a t i o n  func t ions  are developed, 
it w i l l  be p o s s i b l e  t o  adapt t h i s  s i m p l i f i e d  c i r c u i t  f o r  l i q u i d - l e v e l  
s enso r  a p p l i c a t i o n  a t  hydrogen temperatures without sacr i f ice  of response 
time. 
f i l t e r  networks i n  t h e  t es t  c i r c u i t s  and t h e  output  c i r c u i t ,  
ou tput  d r i v e r  c i rcu i t  wi th  fewer p a r t s  and improved a p e r a t i n g  cha rac t e r -  
i s t i c  r e c e n t l y  been developed. 

Also, it should  be p o s s i b l e  t o  reduce t i m e  de l ays  caused by t h e  
A new 

I n  Sec t ion  4 ,  C i r c u i t  Design, it was i n d i c a t e d  t h a t  a l i g h t - e m i t t i n g  
diode (LED) was used as t h e  l i g h t  source  i n  t h i s  u n i t  because no p r a c t i c a l  
incandescent lamps e x i s t  which w i l l  meet t h e  50 g v i b r a t i o n  l e v e l s  
s p e c i f i e d .  The low l i g h t  ou tput  l e v e l  o f  t h e  LED r e q u i r e s  ac e x c i t a t i o n ,  
d e t e c t i o n  o f  low-level s i g n a l s  from t h e  s o l a r  c e l l ,  and high-gain amplif- 
i c a t i o n ,  a l l  o f  which c o n t r i b u t e  t o  t h e  complexity o f  t h e  circuits- 
development of an incandescent l i g h t  source  which would t o l e r a t e  50 g v i -  
b r a t i o n  l e v e l s  would g r e a t l y  s i m p l i f y  t h e  c i r c u i t  des ign ,  
mended t h a t  a program be undertaken t o  develop such a l i g h t  sou rceo  

The 

I t  i s  recom- 
A 
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f i l amen t  opera ted  a t  a low-color temperature can be used e f f e c t i v e l y  wi th  
s i l i c o n  s o l a r  ce l l s ,  and t h u s ,  t h e  des ign  advantage t h a t  lamp ope ra t ing  
e f f i c i e n c y  can be lower than  normal f o r  v i s i b l e  i l l u m i n a t i o n ,  
es t imated  t h a t  t h e  use of such a lamp would decrease  t h e  number of e lec t r i -  
cal  components r equ i r ed  by approximately 50%, which would r e s u l t  i n  a 
s i g n i f i c a n t  c o s t  and p h y s i c a l  size r educ t ion .  

I t  is 

The work done i n  t h i s  program has  cons iderably  increased  t h e  under- 
s tanding  of ope ra t ing  c i r c u i t r y  a t  cryogenic tempera tures ,  
up numerous p o s s i b i l i t i e s  f n  many areas o f  cryogenic in s t rumen ta t ion ,  
s i n c e  e lectr ical  cable problems can o f t e n  be g r e a t l y  reduced o r  e l imina ted  
wi th  proper  system des ign ,  
area along wi th  f u r t h e r  a p p l i c a t i o n  t o  l i q u i d  sens ing ,  

This  opens 

Pioneer-Central  is i n v e s t i g a t i n g  t h i s  l a r g e r  
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APPENDIX I 

CURVE TRACER PHOTOGRAPHS OF SEMICONDUCTOR COMPONENTS 
D U R I N G  TEMPERATURE TESTS 

The photographs on t h e  following pages were taken from t h e  d i sp lay  of a 
Type 575 Tektronix curve tracer under test cond i t ions  desc r ibed  i n  paragraph 
6.2.1 and 6,2.2 of t h i s  r e p o r t ,  
t h e  graph is reversed  from t h e  normal curve tracer d i s p l a y .  

Since t h e  osc i l l o scope  camera uses  a m i r r o r ,  

These photographs are n o t  intended t o  be a l l  i n c l u s i v e  but  are presented  
t o  i l l u s t r a t e  t h e  techniques  used i n  diode and t r a n s i s t o r  t e s t i n g ,  The r e s u l t s  
inc luded  he re  show comparative performance of d i f f e r e n t  devices  as w e l l  as he lp  
e s t a b l i s h  d e s i r a b l e  ope ra t ing  condi t ions  f o r  t h e  devices .  
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Diode current as a function .of 
applied voltage for "645. Scales 
are as shown. 

Vert. - 1 MA/Div. 
Horiz. - .lV/Div.=om, 

.2V/Div.@ LH2 

Room LH2 

Room 

Example of 
Anomaly 

Diode current as  a function of 
applied voltage for  1N750A. 
Scales as shown. 

Current 
2 milliamps 
per division 

Room 

~~ 

Room 

~~ 

Room 

Roon: 

Diode 
# 1  

LH2 Room 
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IN755A 
Horizontal :  1 V/cm 
Vertical: 2 ma/cm 

Diode 
# S  

Room LH2 

L H 
2 

I 
I 
I 

Room 

IN755A 
1 v o l t  ,1 ma/cm 

This  i l l u s t r a t e s  t h e  effect  of h e a t i n p  
i n  t h e  diode. A t  low c u r r e n t  l e v e l s  t h e  
zene r  knee is very s o f t .  As t h e  c u r r e n t  
increases, t h e  diode h e a t  i n c r e a s e s  and 
i t s  knee sharpens.  

i 
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GA -73 3 

#1 

Horizonta l :  1 v/cm 
V e r t i c a l :  0.2 ma/cm 
Base: 0,002 ma/Step 
hfe = 80 
hFE = 69 

Room 

1 
#3 

Room 

I 

Room Room 

I 
1 

V e r t i c a l :  2 ma/cm 
Horizont a 1  : 

Base: 0.5 ma/step 
hfe  = 11 
hFE = 4 
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2N 7 1 1 B  

Three 2N711B T r a n s i s t o r s  2N711B 
Temperature Tes ts  

Hor izonta l :  0.2 v/cm 
v e r t i c a l :  2 ma/cm 
Base: 0.05 ma/step 
hfe = 76 
hFE = 43.2 

Roorr, #1 Room 

Hor izonta l :  1 v/cm 
V e r t i c a l :  0.2 ma/cm 
Base: 0.005 ma/step 
hfe  = 92 
hFE = 53 

#Z Room $2 LH2 

j f3 Room 

P I O N E E R - C E N T R A L  D I V I S I O N  0 T H E  B E N D I X  C O R P O R A T I O N  . D A V E N P O R T ,  I O W A  



2N711B 

lv 2 

Hor izonta l :  0 , 2  v/cm 
V e r t i c a l :  2 ma/cm 
Base: 0.02 ma/step 
hfe = 160 
hFE = 1 0 1  

Room 

Hor izonta l :  O.? v/cm 
V e r t i c a l :  2 m a / m  
Base: 0.2 rra/step 
hfe  = 1 4  
hFE = 7.8 

LH2 

H3 

- 8  
1 
1 

Poor 1 
1 

Hor izon ta l :  9 .2  v/cm 
V e r t i c a l :  2 m/cm 
Base: 0.5 rna/step 
hfe  = 13.2 
hFE = 5.8 

1 
1 

Lf!7 

I 
I 



2 N 3 8 8 A 

i%3 

IlorizontGl:  7 v/cq 
‘:c!rtical: 0.2 m/cm 
Base: 0.05 na/ s tep  

hFE = 3.7 
hfe = [+,4 

LH2 

Hor izonta l :  0.2 v/cm 
V e r t i c a l :  2 ra/cm 
Base: 0.5 r?a/step 
hfe = 6.4 
hFE = 4.6 

2N38RA ff’s 1 E 2 f a i l e d  
a t  l i q u i d  hydrogen 
t e r p e r a t u r e s  . 

2N32 77 

// 1 

Uyper Trace ( I n D u t )  0 .5  v/cm 
Lower Trace ( O u t p u t )  0.5 v/cm 

Both u n i t s  f a i l e d  t o  opera te  
at  LH2 tempera tures ,  

ft2 

2N29 85 

Room Temperature 
Hor izonta l :  0.2 v/cm 
Vertical: 10  ma/cn 
Base: 0.2 ma/step 

This  t r a n s  is t o r  €ai l e d  
t o  opera te  a t  l i q u i d  
hydrogen tempera tures ,  

P I O N E E R - C E N T R A L  D I V I S I O N  . T H E  B E N D I X  C O R P O R A T I O N  . D A V E N P O R T ,  I O W A  



GA-733 

#4 

Room 

Room 

LH2 

2N1039 

# 2 0  

Horizontal: 0.2 V/Cm 

Vertical: 2 ma/cm 
Base: 0.05 ma/step 
hfe = 60 
hm = 53 

Room 

LH2 

Horizontal: 0.2 v/cm 
Vertical: 20 ma/cm 
Base: 0.5 ma/step 
h f e  = 45 
h E  = 45 

Horizontal: 0.2 v/cm 
Vertical: 2 ma/cm 
Base: 2 ma/step 

hFE = 2.0 
hfe = 3.2 

Horizontal: 0.2 v/cm 
Vertical: 20 ma/cm 
Base: 5 ma/step 
hfe = 9 
hFE = 5.9 

Horizontal: 1 v/cm 
Vertical: 0.2 ma/cm 
Base: 0.2 ma/step 
hfe = 2 
hFE = 1.15 



'1 . '2N652A 

# 3  #2 

Koom 

Horizontal: 0.2 V/Cm 
Vert ical :  2 ma/cm 
Base: 0.05 ma/step 
hfe = 120 
hrE = 94.6 

Room 

Horizontal: 0.2 v/cm 
Vert ical :  2 ma/cm 
Base: 0.5 ma/step 
hfe = 11.2 
h m  = 7.0 

LH2 

Horizontal: 1 v/cm 
Vert ical :  0.2 ma/cm 
Base: 0.1 na/s tep 

hrZ: = 2.8 
hfe = 4.4 

LH2 

LH2 

Horizontal: 2 v/Cm 
Ver t i ca l :  2 ma/cm 
Base: 0.2 ma/steP 
hfe  = 18 
h E  = 18  

This un i t  f a i l e d  t o  operate 
a t  l i q u i d  hydropen temperatures. 

Horizontal: 0.2 V/Cm 

Vert ical :  2 malm 
Rase: 0.05 ma/step 

= 104 
hFE = 83 

fe 

Horizontal: 0.2 v/cm 
Vert ical :  2 ma/cm 
Base: 0.5 ma/SteP 

hE = 3.9 
hfe = 6.8 

Horizontal: 1 v/cm 
Vertical: 0.2 ma/cm 
Base : 0.1 ma/Step 

hFE = 3.7  
hfe = 6.6 

. . T H E  B E N D I X  C O R P O R A T I O N  D A V E N P O R T ,  I O W A  
P I O N E E R - C E N T R A L  D I V I S I O N  



2N404A 2N404A 

T r a n s i s t o r  #1 T r a n s i s t o r  # 3  

Horizonta l :  0.2V/cm Hor izonta l :  0.2 V/Cm 

Ver t i ca l :  2 ma/cm 
Base: 0.05 ma/steD Base: 0.05 ma/step 

Vertical: 2 ma/cm 

hfe = 96 hfe = 72 
hFE = 55 hFE + 66.6 

Room Room 

Horizonta l :  0,2 v/cm 
Vertical: 2 ma/cm 
Base: 0.2 ma/step 
hfe  = 2 4  
hFE = 14.5 

LH2 

Horizonta  : 1 v/cm 
Vertical: 0.2 ma/cm 
Base: 0.02 ma/step 
hfe Y 1 4  
hFE = 7.4 

LH2 LH2 

Horizontal :  0.2 v/cm 
V e r t i c a l :  2 m a / c m  
Base: 0.2 ma/step 
h fe  = 20 
hFE = 11*2 

Hor izonta l :  1 v/cm 
Vertical: 0.2 ma/cm 
Base: 0.05 ma/step 

h p ~  = 4 
hfe  = 10 



2?J1039 
K40 

Horizont a1 : 0.2 V/CF 

V e r t i c a l :  2 ma/cm 
Base: 0.05 ma/step 
l y e  = 100 
hFE = 83 

IIor izontal :  0.2 v/cm 
V e r t i c a l :  20 ma/cm 
Base: 0.5 ma/step 
hfe  = 88 
hFE = 75 

Hoi-izontal: 0.2 v/cm 
Vertical: 2 ma/cm 
Base: 0.05 ma/step 
hfe  = 104 
hFE = 85 

Hor izonta l :  0.2 v/cm 
Vertical:  20 ma/cm 
Base: 0.5 ma/step 
h f e  = 95 
hFE = 79 

Hor izonta l :  0.2 v/cm 
Vertical: 2 ma/cm 
Base: 2 ma/step 
hfe = 2.3 
hFE 5 1.14 

LH2 

Horizonta l :  0.2 v/cm 
Vertical: 2 ma/cm 
Base: 2 ma/step 
h fe 
hFE = 0.96 

= 2.2 

Hor izonta l :  0.2 v/cm 
Vertical: 20 ma/cm 
Base: 5 ma/step 
hfe = 8 
hFE = 5 

Horizonta l :  1 v/cm 
V e r t i c a l :  0.3 ma/cn 
Base: 0.5 ma/step 
h f e  = 0.88 

Hor izonta l :  0.2 v/cm 
Vertical: 20 ma/cm 
Rase: 5 ma/cm 
h f e  - 8  - 
hFE = 5.8 

Base: 0.5 rna/step 

L t12 
P I O N E E R - C E N T R A L  D I V I S I O N  0 T H E  B E N D I X  C O R P O R A T I O N  0 D A V E N P O R T ,  I O W A  



#2 

#3 

2N760A 

Room Temperature 
Horizontal: 1 v/cm 
Vertical:  0 .2  ma/cm 
Base: 0.002 ma/step 

Both trans is tors  f a i l e d  to  operate 
at  l iquid  hydrogen temperatures. 

#1 

#2 

#3  

National CG-1 

Room Temperature 
Horizontal: 1 v/cm 
Vertical:  0 .2  ma/cm 
Base: 0.002 ma/step 

A l l  National CG-1 trans is tors  f a i l e d  t o  1 
operate at l iquid  hydrogen temperatures. 



' I  . 
2N130 8 

#2 

Roorr 

LH2 

#3 

Horizontal :  0.2 v/cm 
V e r t i c a l :  2 ma/m 
Base: 0.02 ma/steP 
hfe = 280 
hFE = 313 

ROOK! 

Hor izonta l :  1 v/cm 
V e r t i c a l :  0.2 ma/cm 
Base: 0.02 ma/step 
hfe  9 
hFE = 7.4 

P I O N E E R - C E N T R A L  D I V I S I O N  e T H E  B E N D I X  C O R P O R A T I O N  D A V E N P O R T ,  I O W A  



2141308 

Three 2N1308 T r a n s i s t o r s  
@ Room Temperature 

Horizontal :  1 V / C V  

V e r t i c a l :  0.2 ma/cm 
aase :  0.002 ma/step 

2N2.309 #1 
Temperature Tests 

#1 

#2 

For! zontal . :  

I 
8 
1 
1 
I 
1 
1 
t 

= 5.6 
= 4.R FT: 

#3 



#2 

Horizontal :  1 V/Cm 

Vertical: 0.2 ma/cm 
Base: 0.001 ma/step 
hfe = 190 
hFE = 173 

Room 

Horizontal :  0.2 v/cm 
Vertical: 2 ra/cm 
Base: 0.01 ma/step 

= 190 
hE = 185 

fe 

Room Room 

Horizontal :  1 v/cm 
Vertical: 0.2 ma/cm 
Base: 0.05 ma/step 
hfe = 10 
h m =  4 

. ,. 
L11 

LH2 

Horizontal :  0.2 v/cm Horizontal :  0.2 v/cm 
V e r t i c a l :  2 ma/cm Vertical: 2 ma/cm 

Base: 0.2 ma/step Base : 0.2 ma/step 
hfe = 20 hfe - - 19 
h E  = 10.8 hFE = 12.5 

LH2 LIJ2 

P I O N E E R - C E N T R A L  D I V I S I O N  . T H E  B E N D I X  C O R P O R A T I O N  e D A V E N P O R T ,  I O W A  



2N1300 

#5 

Hor izonta l :  0.2 v/cm 
V e r t i c a l :  2 ma/cm 
Base: 0.01 ma/step 
hfe = 200 
hFE = 166 

Room 

Horizonta l :  1 V/cn! 

V e r t i c a l :  0.2 ra/cm 
Base: 0.05 ma/Step 
hfe = 1 4  
hFE = 7.1 

Horizonta l :  0.2 v/cm 
Vertical: 2 m d c m  
Base: 0.2 ma/step 
hfe = 22 
hFE = 1 3  

2N2 1 89 

t 3 

[ i o r i z o n t a l :  0.2 V / C ~  

V e r t i c a l :  2 ma/crn 
Base :  0 . 0 1  ma/step 
Room Temperature 
hfe  - - 190 
hFE = 1 2 5  

Hor izonta l :  1 v/cm 
Vertical: 0.2 ma/cm 
Base: 0.002 rra/step 
Room Temperature 
hfe = 100 
hFE = 75 . 

Horizonta l  : 0.2 v/cm 
V e r t i c a l :  2 ma/cm 
Base: 0.01 ma/step 
Room Temperature 
hfe  = 190 
hFE = 125 

Hor jzonta l :  1 v/cm 
V e r t i c a l :  0.2 malcm 
Base: 0.002 ma/step 
Room Temperature 
hfe  = 120 
hyE = 85 

I 
1 
1 
I 
I 
I 
1 
1 
I 
I 
1 
1 
I 
I 
1 
1 
I 
1 
I 



I 
I 
1 
I 
I 
I 
I 
1 
1 
I 
1 
I 
I 
I 
I 
I 
8 
8 
8 

2N21~89 

1 

Horizontal :  0.2 v/cm 
V e r t i c a l :  2 rra/cr!? 
Rase: 0 . 1  ma/ster, 
hfe  = 28  
hFE = 15 

. I I  

Lt i2  LH2 

f lor izontal :  1 v/cm 
V e r t i c a l :  0.2 rna/cm 
Base: 0.05 ma/step 
h f e  = 10.8 
hFE = 3.6 

LH,, 
L 

P I O N E E R - C E N T R A L  D I V I S I O N  . T H E  B E N D I X  C O R P O R A T I O N  . D A V E N P O R T ,  I O W A  



2N2 189 

#3 

Room 

Horizonta l :  1 v/cm 
Vertical: 1 ma/cm 
Base: 0.01 ma/step 

0.2 v/cm 
V e r t i c a l :  2 ma/cm 
Base: 0.05 ma/step 
hfe 104 
hFE = 35.2 

Hor izonta l :  1 v./cm 
Vertical: 0.2 ma/cm 
Base: 0,02 ma/step 
hfe = 2 1  
hFE = 18.5 

2N2608 

Upper Trace ( Input  1 

Lower Trace (Output ) 
0.5 v/cm 

2 v/cm 

All t h e s e  FET's  
f a i l e d  t o  ope ra t e  
a t  LH2 temperatures  

#3 

1 
I 

1 
I 
1 



APPENDIX I1 

RESISTOR TEST DATA FOR TEMPERATURE CYCLING TESTS 

The d a t a  reproduced on t h e  following pages was taken  under t h e  t e s t  
condi t ions  descr ibed  in paragraph 6,2.5 of t h i s  r e p o r t ,  
were measured with a Leeds-Northrup Type 5300 r e s i s t a n c e  br idge .  The metal 
film res i s tor  d a t a  i s  on pages 2 through 1 5  while t h e  wire wound r e s i s t o r  
d a t a  is  on pages 1 6  through 19 .  

The resistance values  

P u b l i c a t i o n  Number 3464-66 

A - I 1  1 

P I O N E E R - C E N T R A L  D I V I S I O N  0 T H E  B E N D I X  C O R P O R A T I O N  . D A V E N P O R T ,  I O W A  



DATE t 9/9/65 

ENGINEER; C ,  Wirtanen PROJECT: LH Sensor Component Tests 

T E C H N I C I A N ;  M~ Nowack TEST LOCATION : 
2 

I UNPOTTED I UNPOTTED POTTED POTTED . ..L - 
Aftei 

9950 

9940 

9940 

- - 9940 1 9940 9940 ,9940 9940 9940 9940 9940 

9940 9940 9940 9940 9940 9940 9940 , 9940 @ ! 9950 

9960 4 1 9950 9960 

9970 

9990 

7 

- 
- 
iooac 

@ ! 9980 9990 

9990 9990 6 I 9990 

10080 

9980 

10030 

- - 
10080 

4970 

1 0  1 9940 9930 

4970 

4994 

5020 

4975 

- 
- - 

1 2  1 4994 

1 4  1 4975 

:!3970! 9970 I 9970 I 
9990 9990 9990 

99-70 9970 9970 9970 9970 7 
9990 9990 9990 9990 9990 9990 

99’10 

9990 

9990 

- 
- 
- 

Card # 1 25 IRC Metal F i l m  Tef kon Sleeving 
1110 Watt R e s i s t o r s  20 - 10K Resistors 
Vertical Mounting 5 - 4,99K ResisYors 
C i rc l ed  Numbers I n d i c a t e  

A-IJ I 2 

b T H E  B E N D I X  C O R P O R A T I O N  b P I O N E E R - C E N T R A L  D I V I S I O N  D A V E N P O R T ,  I O W A  



DATE : 9/10/65 

ENGINEER$ C Wirtanen PROJECT t LH Sensor Component Tests 
L 

TECHNICIAN8 TEST LOCATION : 

Fora 302O-bds 
1 

P I O N E E R - C E N T R A L  D I V I S I O N  

Card I. 1 

T H E  B E N D I X  C O R P O R A T I O N  . D A V E N P O R T ,  I O W A  



DATE I 9/17/65 

ENCINEE R I PROJECT: LH Sensor 
2 

TEWNICIANI M a  NowaCk TEST LOCATION I 

I POTTED POTTED I I I 

P I O N E E R - C E N T R A L  D I V I S I O N  0 T H E  B E N D I X  C O R P O R A T I O N  0 D A V E N P O R T ,  I O W A  



DATE; 9/10/65 

Cerd #1 

Fora 3020-b-65 

P I O N  E E R - C E N T R A L  D I V I  5 I O N  

A-1.l  5 

0 T H E  B E N D I X  C O R P O R A T I O N  0 D A V E N P O R T ,  I O W A  



DATE: . 9/10/65 

~ G I N ~ R ~  C ,  Wirtanen p m m :  LH Sensor Component Tests 
L 

_ -  ~~ ~ 

Card # 2 2s Metal Film 1 / 1 0  Watt Res i s to r s  
Moiinted Vert i e a l l y  
Circ led  Numbem Ind ica t e  Teflon Sleewing 
20 - 3 k Reslstors 

5 - 2 K R ~ S ~ S ~ O P S  
A--:I 6 

T H E  B E N D I X  C O R P O R A T I O N  e 

Form 3020-&& 

P I O N E E R - C E N T R A L  D I V I S I O N  D A V E N P O R T ,  I O W A  



DATE 8 9/10/65 

E#OI[NMR~ C ,  Wirtanen tnwEcTt LH, Sensor Component Tests  
a 

Tors 302O-t.bS 

P I O N E E R - C E N T R A L  D I V I S I O N  

A - L T . 7  

T H E  B E N D I X  C O R P O R A T I O N  D A V E N P O R T  I O W A  



DATE : 9/10/65 

~ G I N ~ A ~  C, Wirtanen P m E c T l  LH Sensor Component Tests 
L 

TECHNICIAN: M o  U)CATIOl: 

F o n  3020-&=& 

P I O N E E R - C E N T R A L .  D I V I S I O N  

Card #2 

A-11 8 

T H E  B E N D I X  C O R P O R A T I O N  D A V E N P O R T ,  I O W A  

I 
I 
I 
I 
3 
I 
I 
1 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 

I 
I 

DATE I 9/10/65 

ENGINEER: C Wirtanen PROJECT1 LH Sensor  Component Tests 
2 

~ C H N I C I A N ,  M o  Nowack TEST LOCATION : 

I POTTED POTTED I I I 

I 
I 

Fo- 3020-4-65 

P I O N E E R - C E N T R A L  D I V I S I O N  

A-11.9 

T H E  B E N D I X  C O R P O R A T I O N  . D A V E N P O R T ,  I O W A  



ENGINEER; C. Wirtanen p W E a :  LH Sensor Component Tests 
L 

TECHNICIANt TEST LOCATION: 

Forr 3020-b-65 

P I O N E E R - C E N T R A L ,  D I V I S I O N  

Card # 5 

0 T H E  

1 5  I R C  Metal Film R e s i s t o r s ,  Mounted 
Hor izonta l ly  1/10 Watt 
C i rc l ed  Numbers I n d i c a t e  Teflon Sleeving 
A 1 1  Are 4990 r 

A-ITo10 

B E N D I X  C O R P O R A T I O N  0 D A V E N P O R T ,  I O W A  

I 
1 
1 
1 
I 
1 
1 
1 
1 
I 
I 
1 
I 
1 
1 
1 
1 
I 
I 



DATE: 9/17/65 

ENGINEER: PRWECT: LH Sensor 
2 

Card #F, 

A-I1 1.1 
m8 ~ 0 4 - 6 5  

P I O N E E R - C E N T R A L  D I V I S I O N  T H E  B E N D I X  C O R P O R A T I O N  . D A V E N P O R T ,  I O W A  

~~ 



P I O N E E R - C E N T R A L  D I V I S I O N  

1 
I 
1 

I 
I 

I Card # 6 i 5  I K C  Metal film Res l s t em Mounted 
Horizonrally, 1410 Watt 
Circ l ed  Numbers Ind ica t e  Teflon SYeeving 
A l l  Are 2000 P 

A - I  I 1 3  

0 0 T H E  B E N D I X  C O R P O R A T I O N  D A V E N P O R T .  I O W A  
I 



I 
I 
I 

DATE 8 9/17/65  

ENGINEER: PROJECT : LH Sensor 
2 

TECHNICIAN a Nowack TEST LOCATION 8 

F o ~  3020-4-65 

P I O N E E R - C E N T R A L  D I V I S I O N  

A-11.13 

0 T H E  B E N D I X  C O R P O R A T I O N  0 D A V E N P O R T ,  I O W A  



P I O N E E R - C E N T R A L  D I V I S I O N  

Card # 7 1 0  I R C  Metal F i i m  1 / 1 0  Watt 
Qesistom, Horfzontsl 
None Teflon Sieeved 
A l l  I K 

A-J  Io 14 

0 T H E  B E N D I X  C O R P O R A T I O N  0 D A V E N P O R T ,  I O W A  

1 
1 

1 
1 

1 
1 



DATE t 9/14/65  

ENGINEER; C a Wirtanen PROJECT8 LH Sensor 
L 

TECHNICIAN: M o  TEST LOCATIOYt 

F o n  302044% 
A-I1 iS 

P I O N E E R - C E N T R A L  D I V I S I O N  0 T H E  B E N D I X  C O R P O R A T I O N  0 D A V E N P O R T ,  I O W A  



Card # 4 1 2  Dale 1 Watt Wire Wound Res i s to r s  
Mounted Hor izonta l ly  
Ci rc led  Numbers I n d i c a t e  Teflon Sleeving 
All Are 2200 r 

H-IIJ16 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

P I O N  E E R - C  E N  T R A  L. D I V I S I O N  . T H E  B E N D I X  C O R P O R A T I O N  . D A V E N P O R T ,  I O W A  



DATE I 9/17/65 

ENGINEER: PROJECT : LH Test 
CI 
L 

TECHNICfANr M o  Nowack TEST LOCATION z 

,?on 3020-b45 

P I O N E E R - C E N T R A L  D I V I S I O N  

A-I1 - 1" 

T H E  B E N D I X  C O R P O R A T I O N  D A V E N P O R T ,  I O W A  



DATE t 

ENGINEER% C, Niptanen PROJECTS LH Sensor  Component Tests 

TECHNICIAN8 M o  TEST LOCATION s 

9/ 10 / 65 

L 

I 

P I O N E E R - C E N T R A L  D I V I S I O N  

A-II,lB 

0 T H E  B E N D I X  C O R P O R A T I O N  0 

I 
D A V E N P O R T ,  I O W A  



I 
I 
I 

DATE r 9/17/65 

ENGINEER t PROJECT t 

TECHNICIAN8 M o  Nowack TEST LOCATION t 

F o ~  3020-L-65 

P I O N E E R - C E N T R A L  D I V I S I O N  

A- < i 

. T H E  B E N D I X  C O R P O R A T I O N  . D A V E N P O R T ,  I O W A  



APPENDIX I11 

ACCEPTANCE TEST DATA ON COMPLETED SENSORS 

On t h e  fo l lowing  pages both t h e  acceptance t e s t  procedure and t h e  
acceptance t e s t  d a t a  f o r  t h e  29740-A1 o p t i c a l  l i q u i d  l e v e l  s enso r  are repro- 
duced, The t e s t  r e s u l t s  f o r  u n i t s  se r ia l  numbers 509001E, 509002E, and 
509003E are given. 

P i ib l ica t ion  Number 3464-66 

A-III,I 

P I  O N  E E R - C  E N T R A L  D I V I S I O N  . T H E  B E N D I X  C O R P O R A T I O N  . D A V E N P O R T ,  I O W A  



I 

I 

I ,  CODE IDENT. NO. 99251 

ENGINEERING PUBLICATION RELEASE 
RELEASE NO. 3 8 1 -  
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SUBJECT: * 

Engineering S p e c i f i c a t i o n  concerning t h e  O p t i c a l  Liquid Sensor ,  Type 29740-Al 

REQUIREMENTS : 

General  Notes 

Test Condit ions - Unless o therwise  s p e c i f i e d ,  t h e  fo l lowing  cond i t ions  s h a l l ?  
e x i s t  du r ing  a l l  tes ts8 

Barometric P res su re  I 
Room Temperature: 2 5 O  ? 5°C 
Humidity: 75% or less 
P o s i t i o n  of Unit Under Test: 

29,922 1.00 i nches  Hg a b s o l u t e  

Any 

Accuracy of Measuring Devices - A l l  measuring devices  s h a l l  have an accuracy 
of 2% o r  less  error. 

Design and Cons t ruc t ion  

The u n i t  s h a l l  conform with Pioneer-Central  Drawing 29740-0 and a l l  appl icabl i  
d e t a i l  and assembly drawings. 

I n d i v i d u a l  Tests - Every s e n s o r  manufactured t o  t h i s  s p e c i f i c a t i o n  a h a l l  be L 

s u b j e c t e d  t o  and meet t h e  requirements  of t h e  fo l iowing  indiv idua l .  t e s t s .  \ j  

Visual  Examination - There s h a l l  be no de t r imen ta l  s c r a t c h e s  or rough 
s u r f a c e s  on t h e  e x t e r n a l  surfaces of t h e  sensor .  ‘There  s h a l l  be  no evidence: 
of poor  workmanship. 

a -  

Room Temperature Operat ion 
4 I 

3.2.1 The s e n s o r  s h a l l  be energ ized  with 28 V DC and opera ted  w i t h  t he  prism 
a l t e r n a t e l y  i n  and o u t  of water, 

3.2.1.1 With t h e  pr ism i n  l i q u i d  and with B load  of 600 ohmo on t h e  s e n s o r ,  t h e  i, 

vo l t age  measured from pin D t o  p in  C shall no t  oxceed 285 v o l t s ,  

3.20182 Vith t h e  pr ism o u t  of l i q u i d  and supply vol tage  app l i ed  t o  p i n  U, t h e  
vo l t age  f r o m  pin B t o  p in  C s h a l l  no t  exceed 2.5 volts. 

3.2.1.3 With t h e  prism o u t  of l i q u i d  and supply voltage mnloved from p in  D, t h e  
vo l t age  measured from p in  C t o  p in  A sha l l  no t  exceed 0.5 volts, 

3.2.184 With t h e  pr ism i n  l i q u i d  and supply vo l t age  app l i ed  t o  p i n  E, t h e  Voltage 
from p i n  C t o  p i n  A s h a l l  not exceed 0,.5 vo l t s .  

3.2.2 Repeat Paragraph 3.2.1 f o r  supply vo l t ages  of: 24 arid 32 V DC 

3.3 Low Temperature Operat ion S e n s i t i v i t y  ( L N p  1 

NOTE: If frost forms on t h e  prfsni face, t h e  t o s f  s h a l l  l e  s topped and 
t h e  frost removed before resumption of t l t . 5  t e s t n  

sr:- * 
I - --.-.. I. - I.----.-d-- 
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The senso r  unenergized s h a l l  be a t t ached  t o  t h e  mouting hardware which holda 
t h e  senso r  so t h a t  i ts  a x i s  is h o r i z o n t a l  and t h e  prism edge is v e r t i c a l .  
The senso r  s h a l l  then  be  lowered s lowly  i n t o  LN2 which is contained i n  a 
blackened i n s u l a t e d  vesse l .  

After be ing  submersed i n  LN2 f o r  20 minutes ene rg ize  t h e  senso r  a t  28 V DC. 
Measure t h e  vol tage  across t h e  600 ohm load. The vol tage  from Pin  B t o  Pin  
C s h a l l  no t  exceed 2.5 V DC. 

Raise t h e  senso r  out of t h e  LN2 and ene rg ize  t h e  s imulated " in  l i qu id"  test  
c i r c u i t  and measure t h e  vo l t age  across t h e  load. 
t o  Pin C s h a l l  n o t  exceed 2.5 V DC. 

The vol tage  from Pin  B 

While t h e  senso r  is s t i l l  o u t  of t h e  LN2 de-energize t h e  t es t  c i r c u i t ,  and 
measure t h e  vol tage  drop  f r o m  Pin C t o  Pin A. 
exceed 0.5 V DC. 

The vol tage  drop s h a l l  n o t  

With senso r  i n  l i q u i d ,  apply supply  vol tage  t o  Pin E. 
from Pin C t o  Pin  A s h a l l  n o t  exceed 0.5 vo l t s .  

The vol tage  drop 

The tests of Paragraph 3.3.2, 3.3.3, and 3.3.4, 3.3.5 s h a l l  be repea ted  for 
i npu t  vo l t ages  of 24 and 32 V DC. 

Lower t h e  s e n s o r  i n t o  t h e  LN2 then  ra ise  and lower t h e  senso r  s lowly t o  
cause t h e  s e n s o r  t b  swi tch  oInt'  and "outqf of l i q u i d  ( a s  noted by monitor ing 
t h e  ou tpu t ) .  
sensor swi tches  t'in" and "out" of l i q u i d .  The eensor must swi tch  f r o m  "in" 
t o  "out" and "out" t o  "in" w i t h i n  0.100 inches  of t h e  pr ism center. 

Note t h e  p o s i t i o n  of t h e  l i q u i d  on t h e  pr ism face when t h e  

Operation i n  LH? 

The s e n s o r  s h a l l  be immersed in LH2 unenergized for 30 minutes. 
proceed as i n  Paragraph 3.2. 

Then 

Leak Test 

P lace  t h e  sensor under a b e l l  j a r  and p u l l  a vacuum of 1 micron or less. 
With a helium l eak  d e t e c t o r  measure and reoord t h e  leakage rate. 
leakage ra te  s h a l l  n o t  exceed 10.6 scc/sec.* This test s h a l l  be  performed 
wi th in  one hour of welding of t h e  b a c k - f i l l  opening. 

The 

I n s u l a t i o n  Res is tance  

The minimum r e s i s t a n c e  between a l l  r e c e p t a c l e  p i n s  sho r t ed  e l e c t - i c a l l y  
t o g e t h e r  and t h e  senso r  housing s h a l l  be 75 megohms when t e s t e d  a t  500 V DC. 

Dielectric S t r eng th  

The d i e l e c W i c , s t r t n g t h  of t h e  sensor e h a l l  not breakdown wi th  500 V AC 
(RMS) app l i ed  between a l l  r e c e p t a c l e  p i n s  s h o r t e d  e l e c t r i c a l l y  t o g e t h e r  
and t h e  sensor housing. 
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